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PREFACE 


This  report  is  the  seventh  of  a  series  which  attempts  to  summarize 
existing  knowledge  about  the  parameters  which  appear  in  the  sonar 
equations.  These  relationships  wh'ch  find  application  in  many  problems 
involving  underwater  sound  are  stated  in  Part  I  of  the  series.  As  out¬ 
lined  in  Part  I,  the  objective  of  the  Summary  is  to  provide  a  conden¬ 
sation  of  some  of  the  basic  data  in  underwater  sound  for  use  by  practical 
sonar  scientists.  The  present  report,  which  consists  of  a  series  of 
specially  invited  contributions,  deals  with  propagation  of  sound  in  the 
sea  in  terms  of  the  parameter  -  transmission  loss. 

The  complete  series  of  reports  is  listed  below: 

Part  I  -  Introduction  (July  1953) 

Part  II  -  Target  Strength  (December  1953) 

Part  III  -  Recognition  Differential  (December  1953) 

Part  IV  -  Reverberation  (February  1954) 

Part  V  -  Background  Noise  (July  1954) 

Part  VI  -  Source  Level  (Radiated  Noise)  (May  1955) 

Part  VII  -  Transmission  Loss  (March  1956) 
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INTRODUCTION 


In  the  sonar  equations,  transmission  loss  is  the  parameter  concerned  with  the  propaga¬ 
tion  of  sound  in  the  sea.  It  is  defined  to  be  the  difference  in  level  of  a  source  of  sound  as 
measured  at  the  reference  distance  (one  yard  in  this  series)  and  at  the  range  of  interest. 

Of  all  the  sonar  parameters,  transmission  loss  -  as  a  measure  of  sound  propagation  - 
has  been  given  the  longest  research  attention.  The  first  basic  research  on  the  parameters  was 
done  on  sound  propagation  in  the  sea  in  an  attempt  to  understand  the  many  vagaries  of  subma¬ 
rine  detection  ranges  observed  with  early  echo- ranging  equipment.  In  1935,  Stephenson  at 
NRL  (1)  carried  out  a  systematic  measurement  program  with  the  destroyer  SEMMES  and  the 
submarine  S-20,  and  obtained  numerous  plots  of  signal  level  at  17  and  23  kc  against  range 
from  which  rough  values  of  absorption  coefficient  were  derived.  Later  work  (2)  (3)  (4)  revealed 
many  of  the  factors  now  known  to  affect  the  transmission  loss.  For  example,  an  expression  for 
the  absorption  coefficient  as  a  function  of  frequency  was  deduced  that  fitted  the  best  data  avail¬ 
able  for  many  years  later.  *  Shadow  zones  were  observed  many  times,  the  "afternoon  effect" 
was  correctly  accounted  lor,  and  the  effects  of  many  variables,  such  as  the  wind  and  cloud 
cover  were  understood.  Even  sound-channelling  in  the  surface  mixed  layer  was  observed (5)  (6), 
although  its  significance  for  long-range  detection  was  not  appreciated  until  later.  The  extent  of 
this  pre-war  work  in  this  country  is  not  often  realized. 

During  World  War  n  there  were  many  more  investigations  of  transmission  loss,  motivated 
by  the  needs  of  kilocycle-frequency  submarine  detection  and  acoustic  mines.  Since  then  many 
additional  field  measurements  and  theoretical  studies  have  been  accomplished,  not  only  in  these 
two  fields,  but  also  in  connection  with  the  many  other  applications  of  underwater  sound  that  have 
arisen  since  World  War  n.  At  the  present  time,  the  subject  has  been  investigated  from  fre¬ 
quencies  of  a  few  cycles  up  to  about  one  megacycle,  and  from  distances  from  directly  beneath 
the  source  out  to  ranges  of  hundreds  of  miles. 

But  in  spite  of  its  lor.g  history,  transmission  loss  is  still  the  least  satisfactory  of  the 
sonar  parameters  from  a  quantitative  standpoint.  No  general  means  for  its  prediction  in 
quantitative  terms  exist,  even  though  it  may  be  said  to  be  reasonably  well  understood  theoreti¬ 
cally  Much  of  this  uncertainty  may  be  attributed  to  the  large  number  of  variables  on  which  it 
depends,  some  of  which  cannot  yet  even  be  specified  with  any  exactness  for  practical  purposes - 
such  as  bottom  structure,  surface  roughness,  and  slight  temperature  gradients.  Another  compli¬ 
cating  factor  is  the  wide  range  of  distance,  frequency,  and  water  depth  with  which  the  measure¬ 
ments  and  theory  have  been  concerned. 

To  the  sonar  engineer  desiring  a  numerical  db  value  for  use  in  a  given  problem,  trans¬ 
mission  loss  will  appear  as  perliaps  the  least  satislactory  o!  alt  the  sonar  parameters. 

Although  much  theoretical  work  has  been  done,  both  valid  approximation  methods  and  empir¬ 
ical  data  summaries  are  lacking  on  many  phases  of  the  subject  in  which  the  sonar  designer 
will  be  concerned.  Relatively  crude  "*ules  of  thumb,"  of  doubtful  reliability,  are  often  all  that 
can  iujw  be  used  for  practical  needs  (7).  In  deep  water  the  most  commonly  used  approximation 
is  that  of  spherical  spreading  plus  absorption,  which  often  holds  surprisingly  well  within  the 


•This  expression  a  a  -  .r,0-i  .  ;•  ,1  01,  per  kiloyartf  when  f  is  in  kilocycles. 
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limits  imposed  by  transmission  variations.*  For  convenience,  some  curves  of  spherical 
spreading  plus  absorption  are  given  in  Fig.  1. 


OiUGt  (TDS) 

F.gure  1  -  T.-ir.s.miss'.or.  loss  as  a  function  of  range  for  frequencies 
of  10  to  500  kcs,  assuming  spherical  spreading  and  absorption 
coefficients  given  in  Reference  7  for  a  temperature  of  60°F. 

This  volume  consists  of  a  number  of  invited  contributions,  solicited  in  the  spirit  of  the 
SAD  documents,  on  separate  aspects  of  transmission  loss.  The  various  articles  have  been 
arranged  according  to  frequency  and  water  depth  as  shown  in  the  Table  of  Contents,  with  the 
division  very  roughly  at  1  kc  arid  IOC  fathoms,  respectively.  Except  for  some  minor  editorial 
changes,  the  separate  articles  appear  as  they  were  submitted. 

The  articles  to  follow  may  be  said  to  provide  an  up-to-date  summary  of  the  subject  of 
transmission  loss.  Nearly  all  its  important  aspects  are  covered,  even  though  some  minor 
omissions,  as  well  as  some  duplication  of  content  may  be  noticed.  They  represent  the  effort 
of  many  of  the  present-day  authorities  on  the  subject. 

To  the  authors  who  provided  the  contributions  on  the  various  topics,  the  gratitude  of  the 
writers  is  gratefully  acknowledged. 


•  r;  v  *  .  '.i.r.rtr.  r  e.  '.orndary  !o  s--.pi.  fie  akage,  scattering,  shear  lossesjoften 

-.  spear  to  mare  *v.e  trial  Ires  err!,. .  spherical. 
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INTRODUCTION 

The  purpose  of  this  chapter  is  to  present  a  set  of  formulas  and  charts  which  summarize 
the  existing  deep-water  propagation  data  for  acoustic  frequencies  above  2  kc. 

The  major  source  of  data  for  'his  purpose  comes  from  Project  AMOS  (Acoustic,  Meteor¬ 
ological,  Oceanographic  Survey)  carried  out  by  the  Underwater  Sound  Laboratory.  Project 
AMOS  collected,  during  the  years  1949-1954,  large  quantities  of  propagation- loss  data  and 
associated  environmental  data  on  extensive  cruises  to  all  parts  of  the  North  Atlantic  in  all 
seasons.  Measurements  were  made  at  frequencies  from  2  to  25  kc  with  projector  and  receiver 
depths  variable  from  the  surface  to  500  feel. 

An  analysis  of  AMOS  transmission  data  in  the  2-  to  25-kc  frequency  region  has  been 
completed  (1).  Some  of  the  reports  and  articles  consulted  during  this  analysis  are  listed  as 
references  la  through  li.  It  is  believed  that,  for  the  most  part,  propagation  at  these  frequen¬ 
cies  in  deep  water  is  fairly  well  understood  in  terms  of  environmental  factors.  The  final 
analysis  as  presented  here  is  considered  to  be  consistent  with  all  known  information  at  the 
time  of  exposition.  The  propagation- loss  data  obtained  from  AMOS  cruises  at  discrete  fre¬ 
quencies  of  2.2,  8,  16,  and  25  kc  were  analyzed  and  interpreted  according  to  a  definite  model. 

Equations  of  propagation  loss  were  obtained  for  the  model  and  fitted  with  semi-empirlcal 
coefficients.  The  steps  used  to  arrive  at  this  model  consisted  of: 

1.  Finding  the  important  aroustir-oceanographic  variables. 

2.  Studying  acoustic  patterns  in  situations  where  one  of  these  variables  is 
dominant. 

3.  Making  the  simplest  assumptions  regarding  the  acoustic  interrelation  of 
these  variables  and  adding  complications  only  when  the  exigency  of  Incor¬ 
porating  a  large  body  of  data  into  the  model  required  this. 

the  model  was  constructed  from  several  modes  of  propagation,  each  of  which  became 
important  under  certain  conditions  of  the  wide  range  of  geography  and  season  covered  by  AMOS 
cruises.  While  other  observed  effects  could  be  Included  readily,  it  was  found  that  these  occurred 
In  an  extreme  way  only  in  certain  localities.  It  was  felt  that  to  introduce  other  parameters  to 
take  these  Into  account  would  unduly  complicate  the  analysis  without  improving  the  prediction 
capabilities  for  most  of  the  localities  and  seasons.  The  magnitude  of  the  temperature  gradient 
in  the  thermoeline  was  an  important  variable  of  this  type-  The  propagation  data  for  ail  thermo- 
cline  gradients  were  grouped  in  ore  <  lass  In  addition,  the  propagation  data  for  all  temperature 
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radients  more  positive  than  -0,3'F  per  100  feet  were  considered  in  the  mixed-layer  class.  It 
is  realized  that  these  assumptions  have  to  be  modified  for  work  in  particular  localities  and  at 
particular  times. 


Reference  to  Fig.  1  will  show  that  there  are  several  modes  of  propagation  which  deter¬ 
mine  transmission  conditions  under  any  given  set  of  circumstances.  Sometimes  the  different 
modes  are  of  comparable  importance  and  must  be  combined  in  order  to  estimate  the  net  sound 
field:  at  other  times  the  sound  field  is  dominated  by  a  single  mode  of  transmission. 


\  / 

\  / 

\  l 

\  I 

\  t 

_ k _ 

Figure  I  -  Modes  of  sound  transmission 


In  the  present  analysis  an  effort  has  been  made  to  study  the  various  modes  separately. 
This  can  be  done  to  a  great  degree  by  a  proper  selection  of  data  according  to  the  different 
oceanographic  factors  and  according  to  the  geometry  and  acoustic  frequency  associated  with 
the  data.  Those  factors  which  have  been  determined  to  be  of  importance  are: 

1.  Depth  of  isothermal  surface  layer 

2.  5ea  stale  (or  wind  force) 

3.  Depth  of  axis  of  depressed  sound  channel 

4.  Depth  uf  lAtean  Potto rr. 

5.  Water  temperature 
t.  Range 

7  Depth  of  source 
%  Depth  of  receiver 
'd  Acoustic  frequency. 
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ABSORPTION  IN  SEA  WATER 

The  important  oceanographic -acoustic  variables  for  the  frequencies  under  study  were 
found  to  be  isothermal  layer-depth,  temperature,  and  sea  state.  The  temperature  effect  was 
best  studied  in  the  situation  where  a  constant  temperature  prevailed  to  very  great  depth,  of 
the  order  of  1000  feet.  Under  such  conditions,  it  was  found  that  the  acoustic  field  was  mostly 
constant  with  depth  at  a  fixed  range  out  to  ranges  of  the  order  of  24  kyds,  the  limiting  range  of 
the  experimental  measurements.  Under  such  circumstances,  the  attenuation  constants  were 
computed  and  plotted  against  temperature  for  the  four  frequencies.  These  data  were  then  con¬ 
sidered  with  respect  to  existing  data  of  the  same  kind  and  other  laboratory  measurements  on 
absorption.  The  parameters  of  a  theoretical  expression  involving  the  sum  of  a  viscous  con¬ 
tribution  and  a  relaxation  phenomenon  contribution  were  then  determined. 


a(T. f) 


AfJfT  Bf2 
fJ  +  fT2  +  V 


The  basis  for  this  theoretical  expression  is  summarized  in  Ref.  2.  The  first  term  is  the 
relaxation  phenomenon  contribution;  the  second  term  is  the  contribution  due  to  viscosity.  These 
coefficients  A.  b,  and  the  term  fT  were  obtained  using  the  data  of  Pinkerton  (3)  at  very  high 
frequencies,  of  Leonard  and  Wilson  (4)  at  middle  frequencies,  and  from  AMOS  data  at  lower 
frequencies.  The  following  results  were  obtained: 


(g  _  ,  41UU... 

A  •  0.651  B  ■  0.0267  fx  *  1.23X101  TH59.6j 

.  .  4830  _ 

*  1.23X10*X  e  *****  8 

where  f  is  in  kc  and  T  is  in  °F.  Then  A/B  ■  24.2  and  f50  -  93  kc.  For  low  frequencies 


and 


a0  *  0.0073  f2. 


Figures  2,  3,  and  4  are  graphs  based 
on  this  formula.  Note  that  the  final  value  of 
the  relaxation  coefficient  is  less  than  the  0.76 
presented  in  an  earlier  work  (5).  The  state¬ 
ment  given  in  this  earlier  work  that  the  effect 
of  sea  state  is  small,  and  emphasized  by 
Black  (2)  as  a  disagreement  with  other  analy¬ 
ses,  applies  only  to  the  deep  isothermal  layers 
used  In  that  particular  study. 


ISOTHERMAL  LAYER  DEPTH  AND  LEAK¬ 
AGE  OF  ENERGY  DUE  TO  SURFACE  SCAT¬ 
TERING 

The  next  variable  studied  was 
isothermal-layer  depth.  In  shallower  layers 
than  those  studied  in  the  previous  paragraph, 
there  is  a  residual  attenuation  loss  which 


Figure  i  -  Attenuation  coefficient  (in  db/kyd) 
vs  frequency  (in  kc)  for  T  -  60'T' 
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Figure  3  -  Temperature  dependence  of 
attenuation  coefficient  ratio  (C  =  a/aQ  ) 
■  ao  '  attenuation  coefficient  at  50°F) 


depends  on  layer  depth,  range,  frequency,  receiver 
and  projector  depth,  and  sea  state.  It  was  quite 
obvious  from  the  data  that  at  a  fixed  range  and  a 
fixed  depth  for  projector  and  receiver  the  residual 
attenuation  increased  the  higher  the  sea  state  and 
frequency  and  the  shallower  the  layer  depth. 

Thus,  some  kind  of  scattering  phenomenon 
seemed  to  be  operative  which  depended  directly 
on  sea  state,  and  inversely  on  volume,  since  more 
loss  was  observed  for  shallower  layers.  This 
could  most  easily  be  explained  on  the  basis  of  a 
surface-scattering  phenomenon.  A  possible 
mechanism  for  volume  scattering  could  be  vis¬ 
ualized  whereby  sea  state  somehow  introduced 
volume-scattering  elements  so  that  shallower 
layers  had  more  intense  scattering  centers. 
Assuming  that  the  mechanism  is  one  of  surface 
scattering,  the  loss  can  be  related  to  the  degree 
of  contact  that  the  acoustic  energy  has  with  the 
sea  surface  as  well  as  the  size  and  frequency  of 
the  surface  irregularities.  For  an  omnidirec¬ 
tional  source,  the  fraction  of  rays  which  are 
refracted  upwards  to  meet  the  surface  depends 
on  the  layer  depth.  The  range  of  the  limiting 
ray  is  a  measure  of  this  fraction.  This  range 
between  successive  surface  contacts  of  the  limit¬ 
ing  ray  turns  out  to  be  the  iT/2  in  kiloyards  if  L 
is  expressed  in  feet.  Thus  /17  is  a  suitable 
scaling  factor  for  range  if  the  degree  of  contact 
of  energy  with  the  surface  is  a  satisfactory 
measure  of  the  energy  loss  from  a  surface  chan¬ 
nel.  By  further  scaling  the  projector  and 
receiver  depths  to  layer  depth,  it  would  seem 
possible  to  normalize  the  data  for  all  layer 
depths  at  any  single  frequency.  This  was  done, 
and  proved  to  be  a  reliable  way  of  condensing  a 
large  amount  of  data  into  a  single  propagation 
class. 


Three  propagation  zones  were  recognized 
in  connection  with  propagation  in  the  presence  of 
isothermal  layers.  The  near-zone  is  defined  by 
a  limiting  ray  leaving  a  source  and  returning  to 
the  surface  after  touching  the  bottom  of  the  sur¬ 
face  channel.  Energy  travels  between  points  by 
a  direct  path  in  this  zone  and  spreads  spherically. 
In  the  far  zone,  energy  is  propagated  down  the 
channel  after  two  or  more  contacts  with  the  sur¬ 
face  and  the  decay  of  the  acoustic  field  can  be 
represented  by  a  scattering- loss  coefficient 
added  to  (tie  temperature  absorption  term  at  a 
fixed  frequency.  Cylindrical  spreading  holds  in 
this  region  The  intermediate  zone  is  a  zone  of 
transition  between  the  neai  zone  with  spherical 
spreading  and  the  far  zone  with  cylindrical  spreading  and  surface  scattering  loss.  A  semi- 
ernpirical  depth-loss  factor  was  obtained  for  ea<  n  zone,  depending  on  Ho  mi  in  of  the  scaled 
range  in  any  zone  to  the  scaled  zone  width. 


f. oelf  p  ;ent  fill./ r  y 
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PROPAGATION- LOSS  FORMULAS 

The  propagation- loss  formulas  for  the  various  modes  of  propagation  are  the  following: 

Direct-Radiation  Zone  of  Surface  Sound  Channel,  0  <  r  <  r, 

When  both  ends  of  the  transmission  path  lie  within  or  at  the  bottom  of  the  surface  layer, 
the  following  formula  applies 

N.  ■  20  log  R  *  a(T,f-)R  *  G(z  -  zQ)  r/r,  *  60  db  (1) 

where,  20  log  R  is  the  spherical  spreading  loss  and  is  given  in  Fig.  5.  a;T,f)  is  the  absorption 
coefficient  and  is  given  in  Figs.  2,  3,  and  4.  r.  -  1/4(1  -  i  -  ia)  is  the  scaled  range  of  the  limit¬ 
ing  ray  between  zo  and  *  in  the  surface  channel.  G(*  -  za)  ■  o.  1X102- 3(,‘1<0  (f/25)1/3  for 
( z  -  zo)  <  1  and  is  given  in  Fig.  6. 
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At  all  other  times  take  the  smaller  of  the  two  transmission  losses  computed  by  formula 
(1),  using 


O  ♦  s  >'  -  1  ;  *  Q  I  .  *  <  1 


or 


and 


V*o*  -  1  *  -  l 

_ 


1 


0(1  -  O  -  20 


ar 


it 


■■Ml 


and  the  following  formula  to  be  discussed  in  the  next  section: 

N.  «  20  log  R  *  «<T,  f)R  4  ( 25  -  \'\7.  -  Ll  -  Vl2o  -  LI  *  SR)^j1/3  *  60  db.  (2) 

Zone  of  Second-or-Higher-Order  Surface  Reflection 

In  the  zone  of  second-or-higher-order  surface  reflection,  energy  here  has  been  reflected 
at  least  twice  at  the  surface.  It  covers  the  region  «n  <  1 ,  r,  ♦  1/2  <  r.  Then 

N.  ■  10  log  R  ♦  (a  ♦  »1'lR  *  H(t,  i0)  •  a.l'L  ^r,  *  -j  j  +  10  log  ^VT^r,  ♦  J  ♦  60  db  (3) 

where: 

He  j  .  x0 )  •  second  depth-loss  factor  (db)  and  is  computed  from  Figure  7. 

*  Ft  i  •  ic)  *  FfO  ♦  F(ic) 

/ f \i/3 

Tft,  ■■  0.4  '  10*  Ml  ,  fjJ 


"  0.4  *  10',  f  <  H 


e,  *  scattering  attenuation  coefficient  (db/kyd)  and  is  read  from  Figure  8. 


■  ‘  '  3 


9  ini' ■  *  - 3- 


Zone  of  First-Order  Surface  Reflection 

This  is  a  transition  zone  between  the  zone  of  direct  radiation  and  spherical  spreading  in 
a  surface  channel  and  the  zone  of  trapping,  cylindrical  spreading,  and  surface  scattering  leak¬ 
age  Energy  has  been  reflected  at  least  once  at  the  surface.  The  region  covered  is  io  ;  1, 
ij  '  t  r j  •  1/2.  Then 

■  20  log  R  ♦  aR  4  2t  r  -  r  j  )  Hr  x ,  io  i  *  !  1  -  2f  r  •  r  j  )]Gf  *  -  *n )  4  60  db.  (4) 

These  formulas  provide  a  propagation  lush  for  any  projector- receiver  depth  pair.  When 
bolt;  ends  of  the  propagation  path  are  not  in  the  isothermal  layer,  energy  may  penetrate  below 
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Figure  7  -  Chart 


for  computing  second 
H(  z,  z  i 


depth-loss  factor, 


the  layer  by  way  of  surface  scattering,  diffractive  leakage  from  the  surface  channel,  or  by  dif¬ 
fractive  leakage  from  the  direct  beam.  The  first  two  cases  are  taken  care  of  by  the  depth- loss 
factor  for  each  of  the  propagation  zones  of  the  surface-channel  mode  of  propagation. 

Shadow  Zones  and  Effect  of  Negative  Temperature  Gradients 

The  case  of  diffractive  leakage  from  the  direct  beam  must  be  treated  individually  when 
the  mode  of  propagation  involving  downward  refraction  prevails.  Downward  refraction  occurs 
in  the  presence  of  a  negative  velocity  gradient  directly  below  the  surface  when  no  layer  Is 
present,  or  in  the  thermocline  below  an  isothermal  layer.  Thus,  when  one  end  of  the  path  is  in 
the  surface  channel  and  one  end  is  beneath  the  surface  channel,  this  mode  applies  to  the  portion 
of  the  energy  which  is  split  at  the  limiting  ray  and  is  refracted  downwards.  The  equations  for 
propagation  loss  for  this  mode  have  been  based  on  a  theoretical  expression  derived  previ¬ 
ously  (6). 

As  a  result  of  the  analysis  of  AMOS  and  UCDWK  data,  it  has  been  found  that  the  propa¬ 
gation  loss  for  the  temperature  gradients  which  occur  in  the  ocean  is  given  by 
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N„  =  20  log  R  *  aR  •>  [25  -  VlZ  -  L!  -  V !  Zo  -  L!  ♦  5Rl  *  60  Hb. 

The  term  in  the  brackets  of  Eq.  (2)  has  been  fitted  with  empirical  coefficients  for  an 
average  velocity  gradient.  The  equation  for  the  limiting  ray  under  these  conditions  is 

R  =  |  VlZ0  -  Li  *  |  VlZ  -  LI  kyd. 


(2) 


(5) 


where  Zo,  Z,  and  L  are  in  feet. 

Since  the  acoustic  intensity  may  be  dominated  either  by  leakage  from  the  surface  channel 
or  diffracted  energy  from  the  downward- refracted  beam,  computations  must  be  made  for  both 
these  modes  when  both  ends  of  the  propagation  path  are  not  in  the  layer.  The  mode  producing 
the  lesser  propagation  loss  is  the  one  that  prevails. 

Depressed  Channels 

An  important  mode  of  propagation  for  variable-depth  sonar  applications  occurs  when  a 
depressed  or  internal  sound  channel  is  present.  The  axis  of  the  channel  is  the  depth  of  a 
sound-velocity  minimum.  This  condition  usually  occurs  when  the  temperature  gradient  levels 
off  below  a  steep  thermocline  and  the  pressure  effect  on  sound  velocity  with  increasing  depth 
takes  over. 

The  formula  for  computing  propagation  loss  in  depressed  channels  is  based  on  average 
measured  losses  for  channel  dimensions  and  temperature  gradients  as  they  occurred  in  the 
North  Atlantic  Ocean  during  the  extensive  Project  AMOS  measurements.  The  model  used  for 
the  computations,  moreover,  is  consistent  with  the  surface-channel  propagation  analysis, 
where  the  surface  channel  is  considered  as  a  "half-channel”  together  with  surface  scattering 
effects.  The  model  assumes  that,  on  the  average,  the  depressed  channel  is  a  wide  as  the  depth 
of  the  channel  axis.  Although  depressed  channels  tend  to  be  more  elongated  below  the  channel 
axis  than  above,  this  assumption  is  felt  to  be  reasonable  for  projector  and  receiver  depths 
down  to  500  feet.  For  this  mode,  depth  of  source  and  receiver  are  referred  to  the  axis  of  the 
channel  as  origin.  Thus, 

1 1 /Tiz-. ~dT  i/2Tz Dl\  ... 

N.  .  20  log  R  .  aR  *  Hy  y - - - ,  V - “g - )'  60  db.  (6) 

If  both  an  isothermal  layer  and  a  depressed  channel  are  present  simultaneously,  the  smaller  of 
the  two  propagation  losses  is  considered  to  apply  to  the  situation.  The  probable  errors  asso¬ 
ciated  with  this  model  are  about  the  same  as  those  for  the  negative- gradient  mode  of  propa¬ 
gation.  These  errors  are  presented  on  page  15  in  Table  1. 

Propagation  Via  the  Bottom 

Finally,  there  are  situations  for  acoustic  frequencies  above  2  kc,  where  the  dominant 
energy  arrives  by  way  of  the  ocean  bottom.  Data  from  several  sources  were  combined  to  yield 
a  set  of  curves  of  bottom-loss-per-bounce  versus  bottom-grazing-angle  for  frequencies  from 
125  cps  to  32  kc/s. 

The  deep-water  bottom -reflection  data  available  as  of  January  1954  have  been  assembled 
in  a  form  which  is  suitable  for  use  in  sonar  range  predictions.  No  attempt  is  made  to  explain 
the  data;  rather,  the  data  are  described  in  terms  of  a  model.  The  model  used  is  that  of  propa¬ 
gation  by  way  of  the  specular  path,  including  an  empirical  loss  at  the  bottom.  At  grazing 
angles  approaching  0°,  the  behavior  of  the  Rayleigh  reflection  coefficient  is  assumed.  At 
perpendicular  incidence,  scattering  coefficients  deduced  from  AMOS  vertical-sounding  meas¬ 
urements  at  2,  8,  and  34  kc  were  used. 
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The  most  extensive  sources  of  bottom-reflection  data  in  deep  water  for  the  2-  to  25-kc 
frequency  range  are  AMOS  Cruises  NINE,  ELEVEN,  and  TWELVE.  Cruises  NINE  and  ELEVEN 
were  notable  for  their  shallow  surface  sound  channels  and  low,  direct  acoustic  fields  at  short 
ranges.  Since  continuous  wave  sources  were  used  on  these  two  cruises,  the  sound  energy  could 
arrive  by  various  paths,  and  some  discretion  had  to  be  used  in  selecting  data  which  arrived  by 
way  of  the  bottom.  For  this  purpose,  the  depth  of  the  isothermal  layer,  the  decrease  of  the 
propagation-loss  anomaly  with  range,  the  constancy  of  the  field  with  depth,  the  magnitude  of  the 
propagation  loss,  and  the  acoustic  frequency  were  all  considered.  On  Cruise  TWELVE,  pulses 
were  used,  with  the  result  that  it  was  fairly  easy  to  distinguish  energy  coming  via  the  bottom. 
Propagation  conditions  were  generally  good  during  this  cruise,  however,  and  because  only  those 
signals  which  were  less  than  40  db  below  the  direct  signal  could  be  detected,  data  were  limited 
to  a  few  stations. 

All  the  AMOS  data  were  assembled  into  median  values,  and  the  bottom  loss  was  plotted 
against  the  bottom  grazing  angle.  The  geometrical  path  was  used,  together  with  the  temperature- 
dependent  absorption  coefficients  presented  earlier,  in  reducing  the  propagation- loss  values  to 
"bottom  loss." 

In  order  to  carry  the  bottom-reflection  analysis  down  in  frequency,  underwater  siren  runs 
from  AMOS  Cruises  ELEVEN  and  TWELVE  were  used.  Data  were  considered  in  frequency 
bands  centered  about  1  kc,  2  kc,  and  8  kc.  Here  again  judgment  had  to  be  exercised  in  distin¬ 
guishing  bottom  reflections,  since  the  source  emitted  continuously.  Bottom- reflection  data, 
obtained  by  the  Naval  Electronics  Laboratory  during  1950  and  1951,  were  also  available  for 
discrete  source  runs  at  500  cps  and  1000  cps  (7). 

Finally,  bottom-reflection  data  (8)  obtained  by  the  Woods  Hole  Oceanographic  Institution 
at  frequencies  below  1  kc  through  bomb  drops  were  derived  for  multiple-hop  levels  for  energy 
lying  between  the  limiting  ray  and  the  critical  angle.  In  working  out  the  data,  all  possible  dif¬ 
ferences  in  level  were  used  from  the  WHOI  plots  of  level  versus  r/n,  where  R  is  the  range  and 
N  is  the  order  of  reflection.  Values  of  N  from  1  to  9  were  used. 

These  three  sets  of  data  were  studied  for  frequency  dependence  by  plotting  median  bottom- 
reflection  loss  against  frequency  for  the  overlapping  grazing  angle  intervals,  10°  to  30°,  20°  to 
40°,  and  30°  to  50°.  Plots  of  bottom  loss  versus  grazing  angle  then  were  made,  starting  at  125 
cps  and  progressing  in  octave  steps.  These  are  presented  in  Fig.  9.  A  plot  was  also  made  at 
25  kc  for  convenience.  The  points  at  90°  (vertical  incidence)  were  obtained  from  a  previous 
analysis  (9)  of  the  AMOS  vertical  reverberation  and  bottom- reflection  experiments. 

The  probable  error-versus-frequency  curve  is  shown  in  Fig.  10.  Finally  a  plot  of  trans¬ 
mission  loss  versus  horizontal  range  is  presented  in  Fig.  11  for  an  average  water  depth  of  2000 
fathoms  and  average  water  temperature  of  38°  F  for  the  four  frequencies  indicated. 


Figure  'i  -  bottom  v.  \n  .\v  mg  uni*!** 
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frequency  (kc) 


Figure  10  -  Probable  error  in  bottom  loss 
vs  frequency 


Figure  11  -  Transmission  loss  vs  range  for 
bottom-reflected  transmission 


ERROR  STUDY  OF  AMOS  PROPAGATION- LOSS  ANALYSIS 

An  investigation  was  made  of  the  magnitude  of  errors  to  be  expected  from  the  use  of  the 
semiempirical  formulas  for  computing  propagation  loss.  This  was  done  by  working  with  a 
representative  sample  of  the  entire  data  file,  obtained  by  selecting,  at  random,  a  single  IBM 
card  to  represent  each  of  the  158  North  Atlantic  high-frequency  deep-water  stations  which 
were  occupied  between  1949  and  1953.  Each  card  so  selected  contained  the  measured  values  of 
propagation  loss  for  one  or  more  of  the  four  discrete  acoustic  frequencies  (2.2,  8,  16,  and 
25  kc)  for  a  given  range  and  projector-receiver  depth  pair. 

The  mode  of  propagation  which  applied  to  each  particular  station  card  was  determined 
from  a  consideration  of  the  pertinent  parameters.  The  corresponding  values  of  the  propagation 
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loss  were  then  computed  from  the  formulas.  It  should  be  noted  that  more  than  one  propagation 
mode  may  apply  under  the  transmission  conditions;  therefore,  calculations  using  each  appli¬ 
cable  formula  must  be  made  and  the  result  which  indicates  the  least  loss  must  be  chosen. 

This,  in  effect,  increases  the  numerical  effort  required  by  about  50%. 

In  Table  1  are  presented  the  probable  errors  of  the  prediction  method  obtained  by  sub¬ 
tracting  the  computed  values  of  propagation  loss  from  the  measured  values  for  the  indicated 
propagation  modes. 

The  magnitude  of  the  probable  errors  reflects  some  of  the  time  variability  of  the  ocean 
itself  as  a  propagation  medium.  This  effect  was  estimated  in  this  study  by  considering  the 
reciprocal  nature  of  propagation  over  the  same  path  with  transmitting  and  receiving  positions 
interchanged  within  a  period  of  from  15  to  20  minutes.  The  reciprocal  differences  referred  to 
in  Table  1  are  the  differences  in  measured  propagation  loss  over  the  same  path,  but  with 
receiver  and  projector  positions  interchanged.  It  may  be  seen  that  a  sizable  part  of  the  proba¬ 
ble  error  of  estimation  arises  from  the  time  variability  introduced  by  the  ocean.  These  errors 
appear  to  be  independent  of  range  over  the  ranges  of  the  AMOS  experiments  (1  to  25  kyd). 

It  may  be  seen  that  the  probable  errors  for  the  downward- refraction  and  depressed- 
channel  modes  of  propagation  appear  to  be  larger  than  those  associated  with  surface-channel 
propagation.  Some  reduction  in  probable  error  could  be  achieved  perhaps  for  the  downward- 
refraction  mode  of  propagation.  The  errors  associated  with  propagation  by  way  of  the  bottom 
have  been  treated  separately. 


TABLE  1 

Probable  Errors  of  Propagation  Lo6S  Predictions  (AMOS)  ( ±db) 


Frequencies 


] 

1  i 

2.2  kc 

8  kc 

16  kc 

25  kc 

jMode  of  Transmission  (Formulas  2  and  6) 

6.5 

5 

6.5 

9 

Mode  of  Transmission  (Formulas  1,  3  and  4) 

4 

3 

4.5 

5 

| Reciprocal  Differences 

3.5 

L 

2.5 

1.5 

3 

PROPAGATION- LOSS  CHARTS 

It  is  useful  to  have  a  standard  reference  of  transmission  loss  related  to  range  and  fre¬ 
quency.  Figures  12  and  13  have  been  drawn  for  a  100-foot  isothermal  layer  depth,  50°  F  water, 
sea  states  less  than  2  and  for  a  projector  and  receiver  depth  of  50  feet.  These  specific  envi¬ 
ronmental  conditions  are  typical  of  those  occurring  naturally,  and  the  curves  are  recommended 
for  this  purpose. 

Several  internal  technical  memoranda  (10,  11,  12)  have  been  prepared  at  the  Underwater 
Sound  Laboratory  presenting  propagation- loss  contours  computed  from  the  foregoing  formulas. 


L  UNt  LUSION 

Available  propagation  data  from  2  to  25  kc  have  been  described  by  a  series  of  semi- 
empirical  formulas  associated  with  propagation  modes  occurring  in  connection  with  surface 
isothermal  layers,  various  orders  of  surface  scattering,  negative  temperature  gradients, 
depressed  channels,  and  bottom  reflections.  By  scaling  and  by  certain  laws  of  combination  it 
is  possible  to  reduce  substantially  the  number  of  parameters  required  to  characterize  any 
particular  mode.  Thus  it  is  possible  to  prepare  a  limited  set  of  charts  or  tables  which, 
together  with  a  small  amount  of  computation,  can  be  used  to  determine  transmission  loss 
under  any  prescribed  condition  lying  within  the  framework  of  the  analysis. 
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APPENDIX  A  -  SYMBOLS  USED 


BASIC  VARIABLES 

Surface  Isothermal  Layer  Depth  (ft) 

Sea  State 

Depth  of  Axis  of  Depressed  Sound  Channel  (ft) 

Depth  of  Ocean  Bottom  (fm) 

Water  Temperature  (deg.  F) 

Range  (kyd) 

Depth  of  Source  (ft) 

Depth  of  Receiver 
Acoustic  Frequency  (kc) 

Relaxation  Frequency  (kc) 

Transmission  Loss  (db) 

Spreading  Loss  (db)  10  log  R 

Absorption  Coefficient  (db/kyd) 

Scattering  Coefficient  (db/kyd) 

First  Depth-Loss  Factor 
Second  Depth-  Loss  Factor 
Bottom  Loss  (db) 

SCALED  VARIABLES 

r  =  R,  iT 
=  VT  i  T 
Z  -  IT  Zl 

1 

r  1  -  4(2  -  z  -  );  2  '  1 ,  zr  ;  1 

1  1  .  - 

r  J  1  -  )  *  5  »  2  ‘  1 .  *  1  .  7ft  '  ] 

’  ,  5  >  v  -  1  -  I  V.2-: ,lifi 


L 

S 

D 

B 

T 

R 

Z 

o 

z 

f 

fT 

N» 

20  log  R  (Fig.  5) 
■  (Figs.  2,  3,  4) 
\  (Fig.  8) 
0  (Fig.  6) 
H  (From  Fig.  7) 
N„  (Fig.  9) 
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PROPAGATION  OF  SOUND  IN  SURFACE-BOUNDED  DUCTS 

H.  L.  Saxton 

Nava  1  Re  search  Laboratory 


INTRODUCTION 

The  subject  of  surface-bounded  ducts  is  extremely  important  in  any  complete  coverage 
of  the  propagation  of  underwater  sound.  In  view  of  the  transition  now  going  on  in  sonar  equip¬ 
ment  leading  to  substantial  range  increases  in  these  surface-bounded  ducts,  a  review  of  the 
mechanism  of  propagation  and  loss  is  particularly  timely. 


VELOCITY  AND  VELOCITY  GRADIENT  OF  SOUND  IN  SEA  WATER 

Ducts  are  attributable  to  sound  velocity  gradients.  The  velocity  of  sound  as  a  function 
of  temperature,  salinity,  and  pressure  has  been  given  by  several  authors.  Stephenson  and 
Woodsmall  (1)  reviewed  the  subject  fifteen  years  ago.  In  1952,  DelGrosso  (2)  determined  the 
velocity  of  sound  in  sea  water  over  a  temperature  range  of  32°  to  104°  F  and  over  a  salinity 
range  from  19  to  41  parts  per  thousand,  and  arrived  at  the  empirical  equation: 

c  1474.6  •  4.066T  -  0.021ST2  *  0.000043T3 

•  < S  -  35)  lO-3  ’  15 W  •  7.06T  *  0.018T2  -  0.00037T3  *  0.000003T4) 

in  which  T  is  temperature  in  °F,  S  is  salinity  in  parts  per  thousand,  and  c  is  velocity  in  yards 
per  second.*  DelGrosso's  method  was  to  bring  samples  of  sea  water  to  the  Laboratory,  where 
the  acoustic  interferometer  was  used  at  one  megacycle  to  measure  wavelength.  Theoretically, 
the  deviation  from  the  formula  at  low  frequency  should  be  less  than  0.01  yd^ec. 

To  Eq.  (1),  there  roust  be  added  a  term  to  describe  the  dependence  of  sound  velocity  on 
depth.  Unfortunately,  this  dependence  is  not  well  known  and  no  such  accuracy  as  involved  in 
Eq,  (1)  can  be  given.  We  can  add  to  Eq  (1)  only  the  approximate  term  O.OlRy,  in  which  y  is 
depth  (in  yards). 

For  practical  calculations  of  rays,  the  following  relatively  crude  approximation  will 

suffice: 


r;  -  I  200 


T  •  ,-S  -  35  i  '2.1  0.6  log,, 1  O.OlRy.  (2) 


/-3 
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From  (2),  the  following  coefficients  of  velocity  may  be  obtained: 

sc  100  -  0.26(S  -  351 

T  T 

T§  --  2  3  -  0.0  logln  T 


(3) 


fE  =  0.018. 
y 

It  should  be  noted  that  the  change  of  velocity  with  temperature  for  a  temperature  change  of  1° 
is  comparable  to  the  change  with  depth  in  a  depth  variation  of  several  hundred  feet.  Also  Jc/dT 
is  a  function  of  temperature  and  is  greater  at  lower  temperature. 


RAY  PATHS 

Let  the  velocity  of  sound  as  a  function  of  depth  in  any  given  layer  be  expressed  by 

c  ■  cq  il  *  ky l  (4) 

ir.  which  c  is  velocity  of  sound  at  depth  y  below  the  top  of  the  layer,  co  is  the  velocity  of  sound 
at  the  top  of  the  layer,  and  kco  is  the  rate  of  change  of  sound  velocity  with  depth,  here  treated 
as  constant  in  any  given  layer.  If  k  is  positive,  velocity  increases  with  depth  and  sound  Is 
refracted  upward.  If  k  is  negative,  sound  is  refracted  downward.  In  this  form  of  the  expres¬ 
sion  for  sound  velocity,  k  is  the  curvature  of  any  ray,  and  o  *  l/k  is  the  radius  of  curvature. 

If  y  is  given  in  yards,  k  will  be  in  reciprocal  yards.  A  ray  diagram  for  the  two-layer  case  is 
given  in  Fig.  1.  For  y  <  h,  k  is  positive  and  refraction  is  upward.  For  y  >  h.  k  is  negative 
and  refraction  is  downward.  In  Fig.  1,  as  is  customary,  the  vertical  scale  is  greatly  magnified 
relative  to  the  horizontal  to  emphasize  the  behavior  of  the  rays. 


Frvure  1  -  Ray  paths  ir.  arid  he  low  surface  -  hounded  duct 
(Reproduced  from  Ref,  14) 


SURFACE- BOUNDED  DUCTS 

Figure  1  is  a  typical  example  of  a  surface-bounded  duct.  The  rays  which  do  not  reach  a 
depth  greater  than  the  duct  depth,  h,  in  their  downward  travel,  before  becoming  horizontal,  are 
trapped  in  the  duct  so  long  as  they  encounter  specular  reflection  from  a  plane  horizontal  sur- 
f.v  e  The  rays  which  do  penetrate  to  a  depth  greater  than  I.  are  thereafter  bent  downward  and 
is  t  from  the  duct. 

Ray  diagrams  illustrating  ducting  were  presented  in  the  30' s  by  Di .  H.  L.  Steinberger  in 
.  published  Navy  Yard  worK,  by  Swainson  (3)  and  by  Stephenson  (4).  Considerable  work  was 
dur.r  during  the  war  on  the  propagation  of  sound  under  various  conditions  of  velocity  gradient  by 
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-.  I- st  but  ton  of  Oceanography,  and  by  the 

.  -  ■■  arch,  Theoretical  work  was  carried  out  by  the 

'o  r  -ires  a  di  rote?  some  slight  attention  to  surface-bounded 


N\  nc  •;  the  early  w'rkers  a:'pe-..r  :  ree-'gntzed  th«  great  potentiality  of  ducts  for 

~-u-.d  pr  :  .gat;,  r.  ;  -  long  range  At  thi  frequer.c .es  then  usually  employed  (viz.  15  kc  and 
3UI'V£:.  c- r.  . '.r  v.  f V' . : r  V-  .  -inn*'.-* r#*H  ipin’-:>r'tir;il  Mt’asur**  ni^nts  of 

attenuaticn  :r.  ducts  wcre  c  r.  fined  iare-dv  :/  thi  -  h.gher  frequency  range. 

As  ..  result  of  a  studv  by  an  OSH  P.egr.im  Analysis  Team,  the  Naval  Research  Labora¬ 
tory.  :r,  l'4  to,  undertook  rest-arc  n  at  1C  kilocycle?  as  a  first  step  toward  exploiting  the  poten¬ 
tiality  of  duct  transmission  Reference  y:  presents  me  understanding  of  the  problem  on  the 
basts  A  ray  theory  as  r.f  194c.  Since  tna*  time,  considerable  data  have  been  acquired,  particu¬ 
larly  a:  10  kc.  and  ray  theory  r.as  been  further  developed.  In  this  chapter,  some  of  the  salient 
features  ;:f  the  theory  will  be  brought  out. 


CHARACTERISTICS  OF  DUCTS 

Before  1948.  the  occurrence  of  duct.-  had  been  observed  but  their  prevalence  seems  not 
:u  have  been  appreciated.  Actually,  the  surface  layer,  which  provides  upward  refraction 
because  cf  the  pressure  dependence  of  sound  velocity,  usually  exists  in  the  North  Atlantic. 

the  10-kc  work  carried  out  by  the  Nava;  Research  Laboratory,  data  taken  over  several 
years  North  of  Cuba  and  in  the  Caribbean  Sc-a  indicated  that,  as  a  rule,  good  ducts  were 
f-r.c  /entered. 


in  1952,  the  Hydrographic  Office  reported  on  sound  channels  in  the  North  Atlantic  Ocean 
(westward  from  Bermuda).  Their  report  (7)  indicated  that,  in  the  areas  covered,  surface- 
bounded  ducts  usually  exist.  In  Ref.  (8),  the  Naval  Research  Laboratory  has  displayed  some 
of  the  data  in  a  convenient  form  which  is  reproduced  in  Fig.  2.  In  this  figure,  the  percent  of 
time  in  which  the  duct  depth  exceeded  the  abscissa  is  presented  for  four  seasons  of  the  year. 
Each  graph  presents  data  for  four  different  areas  The  spacial  variation  is  seen  to  be  rather 
slight,  but  the  seasonal  variation  is  considerable  The  winter  and  autumn  conditions  can  be 
seen  to  be  far  superior  to  spring  and  summer 


Other  characteristics  of  ducts  which  are  important  are  temperature  variation  within  the 
duct,  and  uniformity  in  the  horizontal  direction.  Unfortunately,  not  very  much  is  known  about 
these  important  characteristics.  The  student  of  ducts  must  quickly  become  cognizant  of  the 
fact  that  very  slight  changes  in  temperature  gradient,  of  the  order  of  0.1°  F  per  100  feet,  can 
m axe  the  difference  between  an  excellent  duct  and  no  duct.  The  accuracy  of  the  bathythermo¬ 
graph  is  inade-quate  for  the  measurement  required  in  borderline  cases.  On  the  question  of 
uniformity,  the  results  obtainable  depend  not  only  on  the  water  conditions  in  the  proximity  of 
th-  ship  but  also  upon  those  existing  all  the  way  out  to  a  remote  target.  Horizontal  variation  is 
'■>  be  anti'  ipated,  and  deterioration  of  apparently  good  ducts  can  occur  at  some  unknown  hori¬ 
zontal  range.  In  echo  ranging  on  a  ship  which  ■  opening  range,  echoes  frequently  come  in 
•  r  .n?  for  a  '.me  and  then  abruptly  cease  One  possible  explanation  of  this  is  that  in  the  neigh- 

r  r-  r.  ■  -si  r.f  *  ’n  C.  f'trrtc.*  tr.6  Hunt  K -j  _  n  r.»  ct  r  ’•  <  .  r*  *  t  <.«H  *  UrMi.tr>  Ihf,  to  rrrot  it  -|  mint  n  ,llnH  c-Wirt  'j  ohnol/ 


•  situation  m.ght  be  ob'  itr.ed  by  taxi:. ■■  .«  RT  ■■  ,tt.  the  target  ship  immediately  after 

a:.' 'O'./,  it; on  of  echoes. 


DI  V  Eid'lENC  r.  LOSS 


it.  -i  -. . ;  fat  e-  bo  u’ided  duct.  ft  .;  source,  or  sound  reflected  from  a  target,  start:. 

.•  u ..pher/  ai  divcigeni  S  so'  ;  »h.  pound  :  .  refracted  upward  so  that  it  becomes 


LONUDEN  I  i.i. ! 


c^**ns£w  ~ 


•  1  e  c  t  c  n  areas 


►orizonUl  before  reaching  a  depth  equal  to  the  duct  thickness.  This  portion  of  the  sound  is 
ef'ectivelv  trapped  between  the  surface  and  the  bottom  of  the  duct,  so  that  it  thereafter  expe¬ 
riences  only  cylindrical  divergence.  The  region  between  the  source  and  the  point  of  tangency 
of  the  litm/ray  with  the  bottom  of  the  duct  is  a  zone  in  which  there  is  a  gradual  conversion 
C ,*.«£>» “llndHc.l  divergence  Oedtttttnly.  "  ™fs“,r  'em 

this  eon.  of  transition.  At  long  range.  It  tv  enough  to  consider  divergence I  toga  «s ><  ™<  > 
spherical  out  to  half  the  distance  to  the  point  of  tangency  and  strictly  cylindrical  thereaf te 
In  Ref  (8),  it  is  shown  that  the  total  divergence  in  the  vertical  plane,  expressed  in  decibels, 
5  ’  ,  2  where  ,,  is  the  horizontal  distance  in  yards  between  the  point  at  which i  the ,mk 

ray  impinges  on  the  water  surface  and  the  point  at  whic  h  the  ray  becomes  Ung«" 
boundary'of  the  surface-bounded  duct.  Out  to  a  range  a,  2,  the  combination  of  homanUl 
divergence  and  vertical  divergence  yields  total  divergence  loss  of  r-  W  «,  this, 

there  is  only  horizontal  divergence  and  the  loss  .s  therefore  •  *  *-  r  i  ■ 

following  expression  holds 


tlenr.er.tar/  tr .gonornetry  gi 


,r.  which  .1-  tr.e  radius  of  curvature  of  the  u,  j:  'l 
.„-.ed  to  compute  the  distance  *,  for  an  example  1 
produced  only  by  pressure  variation  with  depth)  >h< 
40,000  yards  Suppose  that  tr.e  isothermal  >■  it*-: 
Substitution  .r.  Eq.  (3)  (fives  *,  3,000  vard 

therefore  1,400  yards  for  th.S  *  as'-  Be'au-  -  ■ 


■  .....  ,lu,  ■  rp-pih  Tins  formula  will  lie 

or  ...uti-i  .  rn.tl  water  (velocity  gradient 
■  urine,  of  curvature  IS  approximately 
, t  /}>/'* n  t'r  ii  rU'j>th  of  ‘jU  vn  ni:i. 

.jihoj .(  i '  f  I:  vJTKcru' <\  *  _\  >f> 

.,^|t  ;  ,  ■■  C  W-lfipf  I  ,ttU  f  O  WflM'h 
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•iriSILAL  v.'A  vvw:.--  •  \  in  sr.;v  ■■.«  f-pouniikh  a';  . 

>' .  -.'res--..:-.  rfi-c  •  radius  of  curvature  its  sometimes  obtained  which 

era!  times  fC.v '■"*  '-a-,: -  •-  ;  ...-parent  that,  for  constant  duct  thickness,  the  value 

•.“.creases  with  the  square  r.vt  c  :..ltus  .  i  curvature,  spherical  divergence  nut  to 
thousand  yards  n.uy  ...  m.  times  he  .-xpe  ted  While  it  would  appear  at  this  point  that 
cs:  desirable  water  vor.d;t„.n  w  aid  he  one  which  would  minimize  the  range  of  spherical 
•ccr.:-:.  :n  practice  it  works  the  her  way  The  increase  in  divergence  loss  brought  about 
:  r-js.no  th  range  of  spherical  c. verge  ,.oe  is  not  as  great  as  the  decrease  of  leakage  loss 
duct,  because  '  redact. on  of  incidences  of  rays  on  the  surface  with  resulting  decrease 
Leakage  ..  i  s  recei>e>  fa.  bit*:  .uiennon  later. 


i  STATION 


the  i.terature,  loss  in  excess  of  that  due  ‘.v  spherical  divergence  has  sometimes  been 
:  an  anomalous  less,  Early  measurements  revealed  that  the  anomalous  loss  could  be 
Mtr.aiely  described  as  an  attenuator,  expressible  in  decibels  per  kiloyard.  For  the  case 
surface-bounded  duct,  attenuation  should  clearly  be  the  excess  loss  above  the  type  of 
uer.ee  loss  peculiar  to  ducts 


Early  measurements  at  the  lower  sonar  frequencies,  that  is  at  10  kc  and  below,  indicated 
'proximate  attenuation  coefficient  of  0.0!  f3  decibels  per  kiloyard  as  reported  by  Urick  (9). 
value  creaky  exceeds  the  results  in  distilled  water  and  also  exceeds  values  obtained  by 
arc  uO  and  others  a:  t'CLA  in  degassed  sea  water.  Theoretically,  Lieberman  (11)  has 
r  that  a  relaxation  theory  van  account  for  the  observed  difference  in  absorption  between 
lec  water  and  sea  water.  Small  traces  of  magnesium  sulphate  were  found  by  Wilson  (12) 
involved  in  the  mechanism.  The  formula  for  absorption  coefficient  which  Lieberman 


e.-  can  be  approximated  as 


if  -’  at  low  frequency. 


It  remains  to  be  explained  why  the  absorption  xn  measured  in  the  Laboratory  is  less  than 
ter.uatiori  :  measured  in  ducts.  It  now  appears  that  the  attenuation  at  10  kc  and  below  in 
is  composed  of  a  temperature-dependent  absorption  and  a  leakage  loss,  usually  the  larger 
resulting  irorr.  surface  scattering  Moreover,  there  is  at  this  time  considerable  doubt  as 
i  much  of  the  difference  between  attenuation  and  theoretical  absorption  may  be  attributed 
•  ige  and  now  much  should  be  attributed  to  increased  absorption  because  of  bubble  content. 
..z  seem  logical  to  expand  the  attenuation  coefficient,  i,  into  three  terms  as  follows: 

-  ;  •  H  (7) 


v.  :s  tr.e  abs.rpt:  r.  coefficient  as  measured  in  the  laboratory  as  a  function  of  tem- 
:.  .s  the  coefficient  of  anomalous  absorption  caused  by  the  presence  of  bubbles,  and 
.efficient  of  loss  due  to  lt-a-.ugt.  However,  until  such  time  as  experimental  tech- 
.  C.-SC r ; .not ir.a  between  anomalous  absorption  and  leakage  loss,  the  u,  may  as 

•-  '-.  .ttf.d  ar.d  tne  loss  who  r.  :t  represents  absorbed  in  u. 


t  ic-re  Z,  the  data  for  wni'-h  were  taken  iron.  Kurtzc  and  Tamm  (13),  shows  absorption, 
•.fee  agair.jt  frequency  for  a  aiinity  of  35  parts  per  thousand,  with  each  curve  of  the 
.  re;. re  er.t.r.g  a  afferent  temperature.  At  10  kc,  t  is  approximately  given  by 


(H) 


■  c: 'j(:.  at .  rJ-  .  r 


■  App**nrJ jx  /f  it«-f .  (8).  There,  it  is  shown  th.it,  m  (iucts. 
-:.-z=  *  ufut  if-u^th  of  path,  *  ,  to  total  rnny.y  in  the 


ABSORPTION  (OB/KY'D) 


i  or :\i) id  Dl  i  i  s  27 


(9) 


-ho  J;s! riiu  'ji  ..  * ith  angle,  in  the  angle  which  the  ray 

t\v  ••..irtzonl.il  who  *•  i.  ■  ■■■,:.  •  -.he  surface,  is  radius  of  curvature,  and  •,  is 

."cm  it  t! c  ..  i  r  !  ,  .,  r.v-  u  h.,  1  ii.  i  v  liiTiinips  tangent  1 1 >  the  bottom  of  the  duct. 

1  '  hi  r:  !:s>  bo  r  tesen  w.t  :h.  o.sm  of  the  referenced  report  to  improve 

:.-.v  integration  is  pci  io’iveo  .d/,.--,'  expression  for  the  case  where  «<■'■)  is 

ugh  the  angle-  coMatr'td  a  th  ice-  .  there  results  an  infinite  ratio.  This  result 
t.cip.ced  beca.;M,  ‘here  are  an  infinite  number  of  angles  of  incl- 

rav  for  -  ar,v  rate  •  ;■!.  >f  :  ravel.  The  physical  interpretation  is  that  a 
,  :  r  :>'at;en  in  ar.t,'s  .-  ur.stui  >  t;,.  ,  fei  encod  report,  ,i  was  shown  that  if  w(Pl 

-  pr?jor;  :t  r.al  to  one  ob»..i  '  1  •  The  leakage  coefficient,  isthere- 


.  r*  sophisticated  treat. 

The  simplifying  ass.,  not 
.  which  is  ,  for  .  n: 
cognize  a  lack  f  qu.tntit.de. 
i  channel  leakage  will.  Co.  , 
n-  However,  this  iv .  it  p. 
>-<j  to  give  a  result  v.nich  .ig 
■■■  function  as  derived  by  Pa 
useful.  This  equation  give 
only  leads  to  a  stable  di 
r.itial  distribution  and  ancle  t- 
dependent  on  range  Smut  ■ 
le.  Red.  (8). 


■u.i.,e  out  of  t'ne  duct  is  presented  by  Parker  and 
.  rich  they  make  lead  to  a  distribution  of  energy 
:  in  a  maximum  and  again  falls  to  e  for  -  The 
n  ;t  vornent  lietween  their  theoretical  and  experimental 
i  depth  which  appears  to  invalidate  the  simplifying 
r.v.-  ’.lit-  way  for  further  work  in  which  the  assumptions 
re-.,  wt'h  observation.  The  fundamental  equation  for  the 
;  i  and  Bryant  is  believed  to  be  highly  dependable  and 
,  the  rate  of  change  of  »-r  )  as  a  function  of  range.  Their 
itut.un  a;  long  range  but  also  expresses  the  transition 


the  steady-state  distribution.  There  is  predicted  an 
v.f,-.  , nuns  appear  to  confirm  this  dependence.  See, 


■t  a;  d  Tutiarrc  in  1 1  r  /  h.iv-  i-ontr: 
.s-’n]  : .  j ; .  •  :  c-\ <■  a  - .  .  il  iac-- 


.i.-.ou  a  treatment  of  the  reflection  from  a  sinus- 
dr.  I:  should  throw  additional  light  on  the  subject. 


•1  A  iTA  I  :•  UN  A.  I  .  A  i  !ON 


ha-.  nr1..  ■  t  .  a. a.  ,  mine  the  dependence  of  leakage  loss  on  sea 

Da!,;  vi-i  -  ,  r,i  c.i  states  of  leakage  coefficient  versus  duct 

>  j  .'-  tin  a:  umption  was  made  that  the  tempera- 

■ .  .  .  , _ ...  „  .  i  t  was  recognized  that  there  may  have  been 

.,;  <  r j  ;  >  0  a  ;,f  .  jcui  !.  feet  whicii  could  haw  led  to  considerable 

t:  la.  r. -  -r  •a'.,.',  straight  lines  wi*h  a  slope  of  - 1  2  as  would  be 

i  ■ .  :  f  -j  ;  j  - .  \ .  ,1  t  tie  fain  i  ly  f i  >r  si1  a  states  0,  1 ,  2,  3 ,  and  4 

, .  .  '  c,;  ,  , .i  ,i r  ;  ,  -  ■■  a;a  i  at  a, m  con  *  s pi i riding  to  it  facto  r,  1.4.  Accordingly, 

...  .  i .  a  b  J  *  oIoa  .  s.  *  1 1 ;  i  cxpi ion  foi  .  in  terms  of  and  h,  in  order  to 

•  ....  sc,  j.j  h<  Ha-  f.e  toi  !  t  ,  where  n  is  sea  state.  More- 

‘ ;»t  whirh  ,»t  (imp 
j!,.-  i  ( i!=  r  Ifiiitrila  Ini'  Iritka^r  - 


(10) 
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ir.  order  tv  tost  further  the  validity  of  this  formula,  range  prediction  curves  for  ducts 
-  ased  or.  Eq.  (10)  were  prepared  and  sent  to  SURANT1SUBDEVDET  with  a  request  that  they 
: or.-. pare  then-  with  experimental  data  taken  with  the  XHA.  This  was  done  in  an  OPDEVFOR 
report  on  the  XHA  w  ith  the  following  results.  Dependence  on  layer  depth  agreed  reasonably 
well  with  theory  in  a  comparison  between  7  5  -  ft  and  150-ft  layers;  variation  with  temperature 
orad-.ent  checked  reasonably  well  over  an  appropriate  range  of  temperature  gradients  for  the 
•ater  temperature  at  the  surface  of  SO’  F  which  existed;  the  proportionality  constant  appeared 
-.  bt  about  4(hJ  higher  than  that  given  by  NRL.  This  corresponds  to  about  1  sea  state  differ¬ 
ed  e  and  cou'.d  possibly  be  due  to  a  difference  in  the  estimation  of  sea  state.  However,  we  are 
-.-.c lined  to  believe  that  the  proportionally  constant  should  actually  be  about  1600. 

The  whole  expression  for  propagation  loss  at  10  kc  from  Eqs.  (5),  (6),  (8),  and  (10)  with  a 
-a-.ge  in  the  proportionality  constant  in  Eq.  (10),  is 

*1  r 

Total  loss  jo  Jew-  -  p'  lo*  7 — 7 

(ID 

lfr-.d  1 

-  -  -  -  _  ■  1 .4in  ■  R 

.  T  ;  .h  J 

-.  which  •  ar.d  ?.  are  the  range  in  yards  and  ktlovards  respectively  and  all  other  quantities  have 
defined,  x. .  and  >.  are  all  expressed  in  yards,  and  T  in  JF. 


,-ROPAGATION  LOSS  AT  LOWER  FREQUENCY 

As  long  as  the  frequency  considered  is  well  above  that  for  which  diffraction  becomes 
::  port  ant  (i.  e. .  down  to  1  kc  approximately  in  a  150-ft-deep  isothermal  duct),  the  ray  treat¬ 
ment  should  yield  a  satisfactory  explanation  of  sound  behavior.  It  is  desired  to  generalize 
Eq  ill)  to  cover  this  range.  Divergence  loss,  expressed  by  the  first  two  terms  on  the  right  of 
Eq.  (Ilk  remains  unchanged;  i  ,  the  first  term  in  the  coefficient  of  R,  being  proportional  to  the 
■quare  of  the  frequency  at  frequencies  below  10  kc.  becomes  0.2ft  fi  2  T  with  f  in  kilocycles. 

:  ar.d  the  second  term  in  the  coefficient  of  R,  appears  to  be  approximately  generalized  in  this 
frequency  range  when  it  is  multiplied  by  ire  f,  which  reduces  to  unity  at  10  kc.  The  leakage  at 
k-  appears  attributable  entirely  to  diffraction,  at  least  in  the  low  sea  states  which  have  pre- 
.  whet.  it  was  measured. 

Equation  (51;  s then  converted  to  Eq.  (12)  for  the  frequency  range  1  to  10  kc  with  a 
- t.tal  rtservat ...r,  -hat  diffraction  may  t  ontribute  an  additional  leakage  as  discussed  later. 

7--„:  >  >,  2<-  ;  •  1  log  >  r  ? 

(12) 


i  .r'.t.t!  disc  a  .  .isi.  of  the  u  erhaiii:  rr.  of  leakage  by  scattering  and  the  dependence  of 
aoage  ...  frequency  i:  desirable  Theoretically,  lie  re  is  no  mechanism  fur  scattering  at  a 
*.  surface.  However,  when  there  exist  surfai  t  waves,  there  results  a  distribution  of 

at  the  surfai  which  can  scattering  of  ine ident  sound  through  a  statistical  distribution 
of  s  at»e.  This  dis*r. button  holds  oni,  win  <•  the  results  of  a  very  large  number  of 
mo.  are  a-.  <  .  ,,n-c  ire  rj<  ,-.j  i.  r.  crape  may  tie  very  high  vaith  a  small  nuni- 
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:■  f  the  reflecting  f.K  .  .  were  ,  .  .  ;  .t..,  .;  piston.  Ai.  parts  of  this  facet  would  prob¬ 
es  ;-c  excited  a;  pha^c.  .0  a  ttss  ;.i.  .  Id  - 1  •.alt  in  tit. •  axi  ;  of  the  beam  being  steered  to 

."digit  of  specular  ref!  -ctior.  P  a  the  • ,  ■>(  facet;  would  have  different  angles  of  specu- 

...r  ret’.-.  c  lion  and  different  din  .  ,;s  vtts  ivsaiiing  ir.  differe  nt  beam  sharpness  and  lobe  structure. 
E'v  averaging  many  m  r-.y  t  -'fleet  ictv  over  many  many  facets,  one  would  expect  some  sort  of 
statistics*  dis;  —.but ion  dependin.;  upon  slope  and  dimension  distributions  of  the  facets.  This 
a  ".tat • :i  appears  to  be  the  mechanism  o  scattering  from  the  surface. 

If.  on  the  other  hand,  one  imagines  a  multitude  of  liny  facets,  each  of  dimensions  much 
o  ;s  than  a  wavelength,  one  would  expect  tee  contributions  of  different  parts  of  the  whole 
reflecting  area  to  react  approximately  as  if  they  were  reflected  from  a  single  very  large 
horizontal  plane  surface  so  plated  as  to  permit  the  plus  and  minus  position  deviations  of  the 
actual  surface  from  the  hypothetical  to  average  to  zero.  Scattering  is  therefore  slight. 

On  the  above  reasoning  one  would  expect  vey  little  s<  uttering  except  from  very  rough 
seas  at  f  he  where  the  wavelength  of  sound  in  water  is  5  ft,  since  facets  would  be  of  dimensions 
much  less  thar.  5  ft.  However,  as  the  frequency  rises  to  about  10  kc,  it  might  be  expected  that 
fa  t's  would  rapidly  become  comparable  in  dimensions  to  a  wavelength.  One  might  expect  an 
S- shaped  curve  with  >ts  steepest  rise  between  1  and  10  kc  in  low  sea  states,  approximated  by  a 
logarithmic  curve  in  this  frequency  range.  One  might  further  expect  the  curve  to  shift  to  lower 
frequency  in  higher  sea  states.  It  is  desired  to  emphasize  tne  tentative  nature  of  the  proposed 
approximation. 


Finally,  what  can  be  said  about  bubbles?  Bubbles  would  be  expected  to  cause  absorption. 
:::  the  UCLA  absorption  measu rements,  a  pronounced  dependence  on  amount  of  degassing  was 
observed.  The  existence  of  bubbles  in  shallow  water,  clear  down  to  the  bottom,  have  been 
observed  by  the  Woods  Hole  Oceanographic  Institution. 

Laird  and  Kendig  (16)  derive  a  theoretical  curve  of  absorption  versus  frequency  in  bubbly 
water  and  compare  this  with  tlie-ir  experimental  work,  obtaining  good  agreement.  However,  the 
lack  of  observations  of  absorption  in  sea  water  of  the  same  magnitude  lead  to  a  natural  con¬ 
clusion  that  their  experimental  work  was  done  with  a  much  greater  concentration  of  bubbles 
than  would  be  likely  to  occur  in  th<>  ocean  except  under  very  special  conditions. 


N’OKMAL-MODE  THEOKY 

A  number  of  authors  have  applied  normal-mode  solutions  to  the  wave  equation  of  the 
:  „,ar  problem,  and  in  particulai  to  the  problem  of  surface-bounded  ducts,  One  of  the  first 
cases  in  which  this  solution  was  used  tor  sonar  was  by  Ide,  Post,  and  Fry  (17)  in  the  study  of 
bottom  impedance.  Marsh's  thesis  ( 1 H )  covered  cases  more  closely  allied  with  the  problem  at 
hand  and  Marsh  has  continued  to  contribute. 

Schweitzer  (19)  has  adapted  u.  the  underwater  sound  problem,  part  of  the  work  of  Booker 
and  Walkinshaw  (20),  in  which  the  V.KB  method  of  solution  is  used,  Schweitzer  gives  the  solu¬ 
tion  m  the  form  of  the  absolute  value  of  the  ratio  of  pressure,  e.  in  the  duct  to  the  pressure, 

,  that  would  be  there  m  i.v; velocity  water.  His  expression  is  a  summation  of  terms,  each  of 
which  constitutes  a  mode,  fclvet  /  term,  or  mode,  contains  as  a  factor  a  function  of  transducer 
dept;,  chat acteristir  of  the  modi  ..ad  also  as  a  factor  the  name  function  of  the  depth  at  which 
tr.t  determination  of  n  e,  r.  rr  ad.-  T! on  form  of  solution  assures  us  that  a  reciprocal  path 
e cists  Schweitzer  ai  m  draws  1  urv  .  representing  absolute  values  oi  this  depth  function,  f  , 
plotted  against  depth  for  the  In  t,  :.i  <  onj,  third,  and  four'll  modes  as  in  l'ig.  4.  These  curves 
arc  r  harad erized  ;  cspc-ri  1 ,0  ; ,  s  .  i.  2,  t.  and  4  amplitude  loop.,.  The  higher  modes  extend  to 
.  :  f-  v c r  depths 

Fo;  a  tears. dtp  <  1  as.  s •  tin  diibo.-st  n  d<  on  excited  more  or  less 

scp'n.disg  on  aligns  ' 0.1  '/as  cai'  ii  j jt ii  with  iln  loop-  oi  ">  ddterent  depth  functions 
;<■  '•  Y  :  g  4  /-• .  J  j  sic./.  .pt.n.nrn  depth  ho.  lie  .  nation  of  the  different  modes 

o.f:  if  r.i,  so  is..'  .n*  :  ,  <■  ns  ,  n,  10  n  .ini'  nisdc  ,  2,  9,  and  4  might 

b'.i  llj;  M  T A  ; . 


'.r.  t h&  following  form 

».  "  -  1  4  .  • '  3  ’  13  (13) 

:r.  which  \  is  the  track  width,  ■  is  the  modal  number,  is  the  wavelength,  and  r  is  the  radius 
of  curvature  as  in  the  ray  theory.  Substituting  into  this  formula  >  =  1.67  yds.  (for  a  frequency 
of  1  keg  r :  1,  and  •  90,000  yards  (correct  for  isothermal  water),  one  obtains  «n  *  112  feet. 

Tnis  is  approximately  the  depth  required  to  contain  most  of  the  energy  associated  with  the  first 
mode. 


Ir.  the  utilization  of  ducts  for  the  transmission  of  sound,  it  is  quite  satisfactory  to  have 
only  the  first  mode  trapped.  Therefore,  it  would  be  concluded  that  112  feet  would  be  sufficient 
for  good  propagation  of  a  1-kc  signal.  There  is,  however,  a  dependence  of  leakage  out  on  the 
condition  which  exists  below  the  duct,  and  taking  this  into  account  it  appears  that  about  a  150- 
foot  depth  of  duct  is  desirable  at  1  kc.  Attenuation  has  been  measured  at  1  kc  in  a  particular 
surface-bounded  duct  150  feet  deep  (16)  and  has  been  found  to  be  0.1  db  per  kiloyard  out  to  200 
miles  range.  At  the  time,  this  loss;  was  attributed  to  scattering  from  the  surface  but  it  now 
appears  that  :t  may  have  been  diffraction  instead. 

At  low  frequency  where  higher  modes  may  not  be  trapped,  it  is  desirable  to  excite  pri- 
rr.ar.iy  the  first  mode  if  propagation  to  long  ranges  i:.  ducts  is  desired.  On  the  other  hand, 
cases  may  arise  where  leakage  out  of  a  duct  is  desirable,  for  example,  in  order  to  insonify  a 
target  below  the  duct.  For  this  purpose,  it  may  be  desired  to  place  the  transducer  at  an  appro¬ 
priate  depth  for  the  excitation  of  a  particular  mode  or  modes  which  will  give  the  desired  leak¬ 
age  Ir.  still  other  cases,  it  may  prove  practical  to  excite  the  first  mode  for  propagation  in  the 
cr.-  ’  and  simultaneously  another  .’.cod*  rot  ,  -  ■  .1  a  g  C  out,  will,  u  I ,  misduccr  at  a  compromise  depth. 

7 attenuation  due  to  diffia'  t.ori  out  of  the  duct  i.  of  great  interest.  This  has  been 
•neoret/  ally  c  omputed  oy  Voorm:  (21 1  for  u,e  -  ai.<  of  the  duct  containing  isothermal  water 
one  w:u.  various  negative  velv  it  v  grado-nt-  below  the  die  t.  Figure  5,  taken  from  Ref.  (21),  is 
(or  -oolkermal  water  ir,  the  duct  and  for  a  moderate  negative  gradient  below  the  duct.  Generally 
priX.-g.  u’ler.uation  ,o  ;,v  t  .re  i  •  d  a  ’hi  negatr.-i  temperature  gradient  below  the 


V  i.  feature  of  leakage  fr-  r  o  .  ’  sppln  •  ,r,  <  n.<  what  oirnihti  manner  to  the  cases 

»- ;  *-  a  ,  leakage  ,o  due  ”,  c  .■!!>-!. -,g  !ii,.'..  i he  -jiia-  e  and  fo)  li  nkage  is  due  to  diffraction.  In 

■  I  -  a.yc,  ,  r,  pa.-’.'  liaii  .  n.gh  M.w  n,i  .o-iici  bei  acme  nl  the  greater  amount  of  energy 

■  ray  whi'h  air  xe  tj.e  .i.‘:,ii  r.i.u  g,. angle  The  energy  represented  by  these 

•  .  '  o<-  ;  a  p:di  v  •  r  a •  '<  ■  :  •  'i  •  :  ., i.g - Jc  of  . rg  h  re  ■  oi  .cal I e red  out  i,f  the  duct,  and 
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■. C  ;re  5  -  Attenuation  du<  to  diffraction  oul  of  a  duel.  Attenuation  of 
t:  e  f:r>.  t  mode  as  u  function  of  surface  duct  depth  for  frequencies  of 
1  lo  10, 1-OC  (  p--  for  a  surface  duct  gradient  of  *0. 02/sec  (isothermal) 
sod  a  the  r  mor  fine  gradient  c>f  -0.05/sec  (From  Ref.  2  J ). 

r.-.j.st  lead  to  a  high  leakage  until  such  transfer  has  been  effected  and  a  stable  state  set  up. 
Likewise,  in  the  normal-mode  theory,  the  energy  associated  with  the  higher  modes  leaks  out 
much  faster  than  that  with  the  lower  modes,  thereby  resulting  in  relatively  high  leakage  at 
>:h'  rt  range  but,  after  the  percentage  of  ertergy  associated  with  these  higher  modes  is  dissi¬ 
pated,  in  relatively  low  leakage  at  long  range.  Much  remains  to  be  done  experimentally  to 
determine  this  dependence  of  i;  on  range. 


RLFLKLNC  KS 

i.  h  Stephen*. on  and  F.  ■  Woodsur;]],  "The  VeJoritv  of  Sound  in  Sea  Water,"  NRL  Report 

\ra.  Apr.l  1941 

V  A  Ijeifjr  •  1  :  o.  ’The  Velocity  of  Sound  in  Sea  Water  at  Zero  Depth,"  NRI,  Report  4002, 

...  -  ,  ,-,f.  Velocity  arid  Kay  Path.*-  ol  Sound  Waves  in  Sea  Water,"  tJSC  &  (VS  Field 

h  10.  be  <-„:|,er  1030 

;  ■;  fa  Lift-;  of  Water  Conditions  or:  the  I*.1  ipagat  tot:  <»1  -S'i|)<-rsollic  I'nder- 

'  v  .■  c  .Or'’.  jO  j.  .;’  I.  1070.  December  1040 


32 


HIGH-FREQUENCY  DEEP-WATER  TRANSMISSION 


CONFIDENTIAL 


5.  "Physics  of  Sound  in  the  Sea,  Part  I:  Transmission,"  STR,  Div.  6,  NDRC  Vol.  8,  1946 

6.  "Analysis  of  Long-range  Search  Sonars  for  Surface  Ships,"  Prepared  by  ONR  Program 
Analysis  Team  (Secret) 

7.  "Sound  Channels  in  the  North  Atlantic  Ocean  (Westward  from  Bermuda),”  Hydrographic 
Office  Report  Misc.  No.  15678,  reprinted  as  BUSHIPS  NAVSHIPS  900183  (Confidential), 

1952 

8.  H.  L.  Saxton,  H.  R.  Balter,  and  N.  Shear,  "10-Kilocycle  Long-range  Search  Sonar,"  NRL 
Report  4515  (Confidential),  August  1955 

9.  R.  J.  Urick,  "Recent  Results  on  Sound  Propagation  to  Long  Ranges  in  the  Ocean,"  USN  J. 
Underwater  Acoustics,  1  (No.  2) : 57 - 63  (Secret),  April  1951 

10.  R.  W.  Leonard,  "The  Attenuation  of  Sound  in  Liquids  by  a  Resonator  Method,"  UCLA  Dept, 
Plfys.  Tech.  Report  1,  Contract  N7onr-27507,  1950 

11.  L.  Liebermann,  "Sound  Propagation  in  Chemically  Active  Media,"  Phys.  Rev.  76:1520-1524, 
1949 

12.  O.  B.  Wilson,  "Absorption  of  Ultrasonic  Waves  in  Aqueous  Solutions  of  Magnesium  Sulphate," 
UCLA  Dept.  Phvs.,  Tech.  Report  IV,  Contract  N7onr-27507,  1951 

13.  G.  Kurtze  and  K.  Tamm,  "Measurements  of  Sound  Absorption  in  Water  and  in  Aqueous 
Solutions  of  Electrolytes,"  Acustica,’  3  (No.  1 ) :33 - 48 ,  1953 

14.  J.  G.  Parker  and  R.  W  Bryant,  "A  Statistical  Ray  Theory  of  Sound  Propagation  in  Oceanic 
Isothermal  Surface  Layers,"  NRL  Report  4196,  July  1953 

15.  E.  O.  LaCasce,  Jr.  and  P  Tamarkin,  "Underwater  Sound  Scattering  from  a  Corrugated 
Surface,"  RAG,  Brown  Univ.  Tech.  Report  55-2,  August  1955 

16.  D.  T.  Laird  and  P.  M.  Kendig.  "Attenuation  of  Sound  in  Water  Containing  Air  Bubbles,” 

J.  Acoust.  Soc.  Amer.,  24  (No.  1 ) : 29 - 32.  January  1952 

17.  J.  M.  Ide,  R.  F.  Post,  and  W  J.  Fry,  "The  Propagation  of  Underwater  Sound  at  Low  Fre¬ 
quencies  as  a  Function  of  the  Acoustic  Properties  of  the  Bottom,”  NRL  Report  S- 21 13 , 

August  1943 

18.  H.  W.  Marsh,  Jr,,  "Theory  of  (he  Anomalous  Propagation  of  Acoustic  Waves  in  the  Ocean," 
USL  Report  111,  May  1950 

19.  B  J.  Schweitzer,  "An  Approximate  Method  for  Determining  the  Distribution  of  Intensity  in 
the  Mixe-d  Layer  Sound  Channel,"  USN  J.  Underwater  Acoustics,  2  (No.  3 ): 6 6 - 77  (Confiden¬ 
tial),  July  1952 

20.  H.  G.  Booker  and  VV.  Walkinshaw,  "The  Mode  Theory  ol  Tropospheric  Retraction  and  its 
Relation  to  Wave  Guide:,  arid  Diffraction,"  Report  of  Conference  on  Meteorological  Factors 
in  Radio  Wave  Propagation  ai  Royal  Inst.,  London,  April  1946 

i 

21  A  Voorhis,  "Sound  Transmission  ;ri  tin-  Surface  Isothermal  Channel,  Part  I  -  An  Application 
of  Normal  Mode  Theory,"  WHOl  Report,  Ref  52-90  (Confidential),  November  1952 


CONFIDENTIAL 


CONFIDENTIAL 


ABSORPTION* 

S.  R.  Murphy 

Applied  Physics  Laboratory 
University  of  Washington 


INTRODUCTION 

The  recognition  of  the  excess  absorption  of  sound  in  fresh  water,  sea  water,  and  other 
fluids  over  that  predicted  by  classical  theory  provided  a  stimulus  to  many  experimentalists 
and  theoreticians  to  study  this  phenomenon.  The  result  has  been  the  accumulation  of  consid¬ 
erable  laboratory  data  on  the  variation  of  the  absorption  coefficient  as  a  function  of  frequency 
and  temperature,  a  general  theoretical  mechanism  to  explain  these  data,  and  the  postulation  of 
several  specific  liquid  models  displaying  the  desired  properties.  An  elementary  summary  of 
the  theory  of  sound  absorption  will  be  given  in  the  next  section,  the  report  of  the  empirical  data 
being  reserved  for  a  later  section. 

T  heory 

The  propagation  of  a  harmonic  plane  wave  in  an  absorptive  medium  can  be  represented 

in  the  form 


where  i  is  the  pressure  amplitude  at  a  range  x  from  a  position  where  the  pressure  is  P0,  a  is 
the  linear  absorption  coefficient,  and  c  is  the  phase  velocity  of  sound. 

A  brief  account  is  presented  in  (2),  chapter  2,  page  27,  of  the  classicial  theory  of  absorp- 
:  as  given  by  Rayleigh  (3).  In  this  formulation,  the  loss  of  energy  from  the  sound  wave  as  it 
:  avtrses  the  medium  is  attributed  to  the  shear  viscosity  of  the  liquid.  The  absorption  coef- 
f :c  ent  is  given  to  a  first  approximation  by 


n~2  uf2 
3.  „  c3  ' 


(2) 


(3) 


<  tin- -i  U:  r  jjl  l'.n  t  .*  ffi  t  irnt  ii.ivc  been  .idd'-il  (16). 
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The  notation  of  (2)  is  used,  with  -  the  coefficient  of  shear  viscosity,  f  the  frequency  in 
cps,  the  static  density,  and  k  the  adiabatic  bulk  modulus.* 

Thus,  the  classical  theory  predicts  an  absorption  coefficient  for  all  fluids  that  is  a  func¬ 
tion  of  easily  measured  parameters  and  that  varies  with  the  square  of  the  frequency.  Upon 
calculating  for  Eq.  (2)  and  then  examining  the  experimental  determinations  for  pure  water 
and  sea  water  however,  some  startling  discrepancies  were  revealed. 

Pure  water  gives  a  proper  frequency- squared  dependence,  but  a  value  greater  by  a  factor 
of  three  than  that  predicted  by  viscous  absorption.  Sea  water  in  the  frequency  range  well  below 
100  kc  also  has  the  proper  frequency  dependence,  but  with  an  attenuation  of  the  order  of  ten 
times  the  classical  value.  Further,  at  frequencies  well  above  100  kc,  the  attenuation  of  sea 
water  approaches  that  of  pure  water,  the  transition  region  occurring  between  100  kc  and  1  Me, 
Obviously,  another  process  for  energy  absorption  of  sound  is  necessary  to  explain  these 
phenomena. 

A  second  general  dissipative  process  is  postulated  to  be  a  relaxation  phenomenon  in  which 
some  equilibrium  condition  in  the  fluid  is  disturbed  by  the  passing  sound  wave.  Associated  with 
this  perturbation  is  a  relaxation  time,  which  is  the  time  constant  of  the  readjustment  toward 
equilibrium. 

T  he  dissipation  of  sound  energy  can  be  thought  of  as  a  result  of  the  phase  difference 
between  the  excess  sound  pressure  and  the  excess  density  under  harmonic  excitation  of  the 
relaxation  process.  When  the  sound  frequency  is  low,  quasi-equilibrium  is  maintained  through¬ 
out  the  pressure  cycle,  resulting  in  small  absorption;  as  the  frequency  increases,  the  process 
lags  further  behind,  resulting  in  increased  absorption;  and  when  the  frequency  is  raised  well 
above  the  reciprocal  of  the  relaxation  time,  the  process  is  not  able  to  "follow”  the  rapid  vari¬ 
ations,  resulting  in  a  limiting  value  of  relaxation  absurption. 

A  simple  treatment  can  follow  this  word  description,  Suppose  we  write  Eq.  (1)  as 


where  v  is  the  complex  sound  velocity.  We  now  assume  a  static  compressibility  P0  (reciprocal 
of  the  bulk  modulus)  and  a  compressibility  at  very  high  frequency,  P.c.  From  the  previous 
discussion  we  would  expect  to  be  greater  than  The  compressibility  p  at  a  frequency  « 
is  then  written  as 


(5) 


where  -  is  the  relaxation  time. 

This  expression  can  be  justified  (4)  on  the  basis  of  the  assumption  of  a  particular  relax 
ation  process.  But 


Now,  making  an  identification  between  Eq.  (  >)  and  Eq  (I),  we  obtain 


(6) 


(7) 


or 
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Equating  the  imaginary  parts  of  Eqs.  (6)  and  (8)  we  find  that 


<P„  ’ 


I  M  T 

J  1  +  ,)2T 1 


Now  ,  and  I  have  the  units  of  frequency,  so  we  may  write 

f  f2 


f  *  +  f2' 


(9) 


(10) 


where  fr  is  i  the  relaxation  frequency;  f  is  the  frequency  of  the  sound  wave;  and  A  is  a 
parameter  depending  upon  the  process  involved  in  the  particular  fluid. 

If  we  have,  in  addition,  another  process  that  gives  another  contribution  to  (e.g.,  viscous 
absorption,  varying  as  f3),  then  we  would  expect  the  total  absorption  coefficient  to  be 


a 


A 


f,  f2 

f,2  *  f2 


+  Bf2. 


(ID 


A  sketch  of  this  function,  along  with  pure-water 
absorption,  is  given  in  Fig.  1. 

Reference  ((2),  page  105)  gives  a  graph  sum¬ 
marizing  the  absorption  measurements  made  on 
freshwater  and  seawater  up  to  1946.  In  this  graph 
emphasis  was  placed  on  the  frequency  region  from 
20  kc  to  100  kc,  and  a  few  determinations  are 
shown  in  the  megacycle  region.  The  gap  between 
was  filled  in  with  a  curve  strongly  resembling  that 
of  Fig.  1.  Later  experimental  evidence  confirms 
this  general  type  of  dependence. 

Equation  (10),  then,  contains  the  frequency 
dependence  of  relaxation  absorption  but,  so  far, 
nothing  has  been  said  about  the  particular  physical 
mechanism  in  the  fluid  giving  rise  to  this  process.  This  change  in  the  compressibility  with 
frequency  can  be  obtained  from  a  consideration  of  thermal  relaxation,  structural  relaxation, 
and  combinations  of  these;  thus,  in  any  given  fluid  there  may  be  several  relaxation  processes 
present  in  addition  to  the  contribution  from  viscous  absorptions  (5). 

Halt  (6)  has  considered  a  possible  structural  relaxation  for  pure  water  to  account  for  the 
excess  absorption  over  that  due  to  viscous  absorption.  In  this  theory  the  lag  between  pressure 
and  density  results  from  the  rearrangement  of  molecules  during  compression  between  two 
molecular  states  of  packing.  If  we  use  reasonable  values  for  the  liquid  constants,  this  theory 
j;;  sufficient  to  account  for  the  absorption  excess  in  pure  water.  Hall  obtained  a  t  of  the  order 
of  10’ !2  seconds,  agreeing  with  experimental  evidence  that  the  absorption  in  iresh  water  is 
proportional  to  f2  up  into  the  hundreds  of  megacycles,  well  above  the  range  of  interest  for 
:■ -ound  transmission  (7). 

The  situation  for  sea  water  is,  of  course,  much  more  complicated.  In  addition  to  the 
attenuation  present  in  pure  water,  we  now  must  add  the  effects  of  the  many  salts  that  go  to 
make  up  the  natural  solution.  Direct  transmission  measurements  by  Liebermann  (8)  in  1948, 
at  four  frequencies  between  100  kc  and  1  Me,  substantiated  the  shape  characteristics  of  Fig.  1 
with  an  experimentally  dete-rmined  relaxation  frequency  of  130  kc.  He  was  able  tentatively  to 
identify  thii  relaxation  process  with  a  shift  in  the  ionization  equilibrium  of  sodium  chloride. 
However,  later  laboratory  measurements  on  seawater,  magnesium  sulphate  solutions,  and 


Figure  1  -  Sea  water  absorption  curve 
showing  relaxation  frequency 


CONFIDENTIA  L 


36 


HIGH-FREQUENCY  DEEP-WATER  TRANSMISSION 


CONFIDENTIAL 


sodium  chloride  solutions  by  Leonard  and  Wilson  (9)  and  others  indicated  that  magnesium 
sulphate,  in  the  same  concentration  as  found  in  sea  water,  gave  a  larger  attenuation  than  sea 
water  alone;  further,  that  the  addition  of  large  amounts  of  sodium  chloride  essentially  elimi¬ 
nated  the  discrepancy  (7).  A  second  theory  by  Liebermann  (4),  based  upon  magnesium  sul¬ 
phate,  is  sufficient  to  account  for  the  excess  absorption  and  give  a  proper  order  of  magnitude. 

This  discussion  may  be  summarized  as  follows:  viscous  absorption  alone  is  not  nearly 
sufficient  to  account  for  the  observed  absorption  in  pure  water  nr  in  sea  water.  A  second  gen¬ 
eral  mechanism  is  proposed,  called  a  relaxation  process.  In  pure  water,  structural  relaxation 
accounts  for  the  excess  absorption,  giving  a  frequency  dependence  of  f2up  into  the  many- 
megacycle  range.  The  excess  absorption  of  sea  water  over  that  of  pure  water  is  attributed  to 
a  further  relaxation  process,  having  a  relaxation  frequency  in  the  neighborhood  of  130  kc.  The 
total  absorption  in  sea  water  obeys  the  relation  given  by  Eq.  (11),  where  the  second  term  is  the 
contribution  of  pure  water  and  the  first  includes  the  sea-water  relaxation  process.  The  prag¬ 
matic  problem  now  remains  as  to  the  values  of  the  constants  in  Eq.  (11).  This  will  be  discussed 
in  a  later  section.  For  a  detailed  review  of  the  general  problems  of  sound  absorption  in  liquids, 
Refs.  (5)  and  (7)  are  recommended. 


EXPERIMENTAL  RESULTS 

Equation  (11)  gives  a  general  relation  for  the  expected  dependency  of  absorption  on  fre¬ 
quency.  We  may  take  2  in  db  per  kiloyard  (where  the  base  10  rather  than  e  is  used),  fr  (the 
relaxation  frequency)  in  kc,  f  (the  sound  frequency)  in  kc,  and  A  and  B  constants  of  the  partic¬ 
ular  fluid  under  constant  conditions.  Before  discussing  the  evaluation  of  the  three  parameters 
A,  B,  and  fr  for  sea  water  under  various  conditions  of  temperature  and  salinity,  we  may  digress 
briefly  to  consider  an  outline  of  experimental  techniques. 

Two  general  experimental  methods  are  available  for  studying  the  absorption  of  sound  in 
the  sea;  direct  transmission  measurements  in  the  medium  itself,  and  laboratory  measurements 
on  small  samples.  Both  of  these  methods  are  of  limited  accuracy  at  the  lower  frequencies, 
since,  at  these  frequencies,  the  loss  attributable  to  absorption  becomes  small  in  comparison 
with  losses  due  to  other  mechanisms. 

To  study  the  mechanisms  of  sound  absorption  under  controlled  conditions,  it  was  essential 
that  reliable  laboratory  techniques  be  developed.  In  the  very  high  frequency  ranges  (3  Me  to 
1000  Me)  optical  methods  were  found  reliable  because  of  the  large  value  of  attenuation  at  these 
frequencies.  The  degradation  of  a  plane  wave  determined  by  these  methods  verified  the  pre¬ 
diction  of  Eq.  (1).  Fresh  water  and  sea  water  were  found  to  give  essentially  the  same  attenua¬ 
tion  at  these  frequencies  (7).  For  lower  frequencies,  a  laboratory  method  using  the  time  decay 
of  sound  in  a  resonator  was  applied  with  increasing  success  by  many  investigators.  This 
method  extended  the  lower  frequency  limit  to  the  region  of  4  kc,  well  below  the  relaxation 
frequency  observed  in  sea  water.  The  technique  has  been  described  by  several  authors  (5,  7, 
and  10).  A  degassed,  filtered  sample  of  the  liquid  to  be  investigated  is  placed  in  a  closed 
chamber  and  many  modes  ,n  the  region  of  the  desired  frequency  are  excited.  The  excitation 
is  shut  off  and  the  rate  of  dc  y  of  the  energy  in  the  resonator  is  observed.  The  overall  attenu¬ 
ation  is  then  determined  fro. 


(12) 


where  l0  is  the  initial  sound  intensity,  I,  is  the  intensity  after  1  seconds,  and  co  is  the  velocity 
of  sound  in  the  liquid.  Corrections  to  this  overall  attenuation  coefficient  must  be  made  to  allow 
for  the  losses  at  the  boundary  of  the  resonator  not  attributable  to  volume  absorption  in  the 
liquid  itself.  These  corrections  are  discussed  by  the  individual  experimenters. 

Results  obtained  for  sea  water  by  this  method  agree  with  the  frequency  dependence  pre¬ 
dicted  assuming  a  relaxation  mechanism.  Measurements  (7,  9,  and  10)  on  pure  solutions  of 
the  individual  components  found  in  sea  water  demonstrated  the  excess  absorption  to  be 
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attributable  almost  entirely  to  magnesium  sulphate.  In  fact,  a  solution  of  0.02  mole  per  liter 
:  M  .SO  4.  the  average  concent  ration  found  in  the  sea,  gave  absorption  in  excess  of  that  of  sea 
water  (7,  10).  Addition  of  sodium  chloride  reduced  this  to  the  value  of  sea  water  (7).  Alter¬ 
nately,  sea-water  absorption  was  found  to  he  simulated  by  a  solution  of  0.014  mole  per  liter 
of  magnesium  sulphate  (7). 

C onsiderable  laboratory  data  are  available  from  Leonard  (10),  from  Wilson  (9),  and  from 
Kurtze  and  Tamm  (7)  on  the  excess  absorption  in  magnesium  sulphate  solutions  as  a  function 
of  temperature  and  concentration.  These  investigators  found  the  excess  absorption  to  vary 
linearly  with  concentration.  Further,  from  the  temperature-dependence  data,  Wilson  (9)  found 
the  relaxation  frequency  to  be  given  by  a  relation  of  the  form 

<r  ’  T  (13) 

where  T  is  the  absolute  temperature  (Rankine),  fr  is  the  frequency  in  kc,  and  C  and  D  are  con¬ 
stants  for  a  magnesium  sulphate  solution. 

From  these  laboratory  measurements,  it  is  thus  possible  to  calculate  values  for  the 
parameters  in  the  relaxation  term,  A  and  fr,  in  Eq.  (11)  for  ranges  of  concentration  and  tem¬ 
perature  of  interest.  In  addition,  pure-water  measurements  by  many  investigators,  summa¬ 
rized  in  (7),  allow  a  determination  of  the  parameter  B  under  similar  conditions. 

In  making  a  direct  transmission  measurement  in  the  sea,  the  total  loss  of  intensity  as  a 
function  of  range  is  determined.  Then,  on  the  basis  of  an  assumed  propagation  law,  the  effect 
of  absorption  is  separated  from  the  other  expected  losses.  Hence,  for  this  method  to  yield 
accurate  results  for  3,  care  must  be  taken  to  assure  that  the  other  losses  are  properly 
accounted  lor.  Specifically,  short  pulses  can  be  employed  to  assure  receiving  the  direct 
pulse  undistorted  by  reflection  from  the  boundaries.  In  isothermal  water,  a  spherical- 
spreading  law  can  then  be  assumed  with  confidence.  Liebermann  (4)  used  this  method  for  both 
fresh  and  salt  water,  obtaining  values  in  substantial  agreement  with  laboratory  measurements 
in  the  frequency  range  of  100  kc  to  1  Me.  Garrison  (16)  in  1955  made  a  similar  series  of 
direct  transmission  measurements  at  60  kc,  142  kc,  272  kc,  and  467  kc.  Range  was  accurately 
determined  by  the  difference  in  transit  time  between  the  acoustic  and  radio-transmitted  pulse. 
These  results  are  presented  in  Table  1  together  with  a  comparison  between  the  two  summary 
computations  based  on  laboratory  data  discussed  below.  The  limits  of  error  quoted  are  com¬ 
puted  on  the  basis  of  many  measurements  made  in  sea  water  of  30  parts  per  thousand  salinity 
and  8  to  9X1  temperature. 


TABLE  1 

A  Comparison  of  the  Sound  Absorption  in  Sea 
Water  Between  Direct  Measurements  (16)  and  the 
Summary  Graphs  of  Beyer  (13)and  Del  Grosso  (15) 


Frequency 

(kc) 

Sound  Absorption  in  Sea  Water  (db/kyd) 

!  Experimental 
(Reference  16) 
9°C 

30Voo  salinity 

Beyer 

50°F 

Del  Grosso 
30Voo  salinity 
10°C 

so 

A  0 

15 

19 

142 

33.9  ±0.7 

! 

33 

40 

. 

272 

71.0  il. 5 

56 

64 

407 

93  ±5 

100 

110 
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For  lower  frequencies,  the  instrumentation  requires  longer  pulses  and,  in  turn,  longer 
ranges  for  absorption  to  be  an  observable  part  of  the  total  loss.  Two  methods  of  analysis  are 
possible.  First,  the  procedure  of  Liebermann  can  be  followed,  except  that  now  the  boundary 
conditions  and  the  thermal  structure  of  the  medium  must  be  considered  to  determine  the  law 
of  spreading  at  the  longer  ranges.  Alternatively,  if  sufficient  data  are  available  under  wide 
ranges  of  temperature,  frequency,  and  range,  Eqs,  (11)  and  (13)  may  be  employed  to  determine 
the  constants  in  these  equations  without  resorting  to  an  uncertain  spreading  law.  The  AMOS 
project  has  made  large  amounts  of  transmission  data  available  for  analysis.  Marsh  (11),  using 
the  second  procedure,  analyzed  the  AMOS  data  at  8,  16,  and  25  kc.  He  obtained  values  of  0.76 
for  A,  2. 19  x  107  for  C,  and  6300  for  D.  An  analysis  of  the  AMOS  data  by  a  group  at  the  Michigan 
Engineering  Institute  (12)  resulted  in  a  value  of  0.6  for  A.  The  measurements  of  Wilson  (9) 
indicate  a  value  of  0.57  for  A.  In  view  of  the  uncertainties  in  the  other  possible  losses  occurring 
in  the  medium,  and  in  the  properties  of  the  medium  themselves,  it  is  not  surprising  that  the 
direct-transmission  data  are  at  some  variance  with  the  laboratory  measurements. 

Two  independent  extrapolations  of  the  available  laboratory  data  on  fresh  and  sea  water 
have  been  published  recently,  extending  the  results  to  a  wide  range  of  frequency,  temperature, 
and  (in  one  report)  salinity. 

In  1953,  Beyer  (13)  published  a  nomogram  on  the  absorption  coefficient  in  sea  water. 
Utilizing  the  data  of  Leonard  and  Wilson  (9),  Beyer  calculated  values  for  A  and  fr  In  the  relax¬ 
ation  term  of  Eq.  (11)  for  temperatures  ranging  from  32°F  to  806F.  The  pure-water  data  of 
Pinkerton  (14)  gave  values  for  r  over  the  same  temperature  range.  Neglecting  the  effect  of 
salinity  variations,  Beyer  presented  the  results  of  his  calculations  in  the- form  of  the  nomogram 
reproduced  in  Fig.  2.  He  estimates  the  accuracy  of  this  calculation  to  be  ±10  percent  above  30 
kc,  and  possibly  greater  at  5  to  3p  kc  considering  Marsh's  (11)  determination  from  sea  water. 
Linear  interpolation  between  the  curves  can  be  made  without  exceeding  the  accuracy  limits  of 
the  figure. 

Del  Grosso  (15)  in  1954  published  the  results  of  a  similar  study  based  on  the  extensive 
data  of  Kurtze  and  Tamm  (7)  on  magnesium  sulphate.  In  addition  to  temperature  and  frequency 
dependence,  his  results  include  the  effect  of  salinity  based  upon  the  concentration  dependence 
observed  in  magnesium  sulphate  (7).  The  results  of  these  calculations,  presented  in  an  easily 
accessible  form,  are  available  in  Del  Grosso's  report  (15). 

The  comparison  presented  in  Table  1  between  the  direct  transmission  measurements  in 
the  sea  (16)  and  readings  from  the  summary  graphs  of  Beyer  and  Del  Grosso  show  agreement 
within  reading  and  experimental  error  between  Beyer  and  the  sea  measurements  with  Del 
Grosso  consistently  in  excess  of  these  values.  On  the  basis  of  this  comparison,  it  appears 
that  Fig.  2  gives  the  better  estimate  of  the  value  of  the  absorption  coefficient  for  sea  water  as 
a  function  of  temperature  so  long  as  the  salinity  does  not  deviate  appreciably  from  30  to  35 
parts  per  thousand. 


SUMMARY  AND  CONCLUSIONS 

In  the  transmission  of  sound,  absorption  processes  play  an  important  role  in  determining, 
from  an  engineering  point  of  view,  the  maximum  available  range  for  given  equipment.  Of  the 
possible  mechanisms  capable  of  producing  linear  attenuation  with  range,  the  most  outstanding 
are  viscous  and  relaxation  absorption  in  the  volume  of  the  medium.  Experimental  and  theo¬ 
retical  efforts  have  served  to  clarify  greatly  the  understanding  ol  tne  relaxation  phenomena 
and  to  enable  estimates  to  be  made  of  the  temperature,  frequency,  and  salinity  dependencies. 

It  would  be  most  desirable  if  the  laboratory  measurements  were  lo  give  lower  absolute  values 
of  the  absorption  coefficient  than  those  observed  in  the  medium,  and  to  within  a  few  percent  of 
each  other.  Then  attenuation  exceeding  these  values  would  be  reliably  attributable  to  other 
loss  processes  known  to  operate  in  the  medium.  Unfortunately,  examination  of  the  laboratory 
data  analyses  makes  it  evident  that  this  ideal  has  not  yet  been  reached  Although  the  works 
quoted  in  this  report  give-  i (dative  information  concerning  the  functional  dependence  of  the 
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j>  -  r.i  relaxation.il  abrupt  son  coefficient  on  temperature,  frequency,  and  concentration, 
‘iTk  r  emains  I  efere  absolute  values  of  the  reliability  desired  for  engineering  applica¬ 
te'.-..-  are  available.  However,  the  agreement  between  the  direct  transmission  measurements 
Fig  Z  mdicate  that  this  graph  is  reliable  to  the  estimated  accuracies  of  ±10%. 
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-  .i  .ri-  2  -  Sound  absorption  coefficient  in  sea  water  in  d/b  (from  Ref.  13) 
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INTRODUCTION 

Whenever  sound  is  transmitted  in  the  ocean,  irregular  variations  in  received  intensity 
are  observed.  Under  some  conditions  the  ratio  of  maximum  to  minimum  intensity  is  in  excess 
of  ten  to  one.  This  fluctuation  is  most  important  in  the  detection  of  echoes  or  signals.  It 
becomes  particularly  important  in  the  case  of  active-acoustic  torpedoes.  Since  the  torpedo 
acoustic  homing  system  depends  on  the  receipt  of  an  echo  for  steering  information,  it  is  quite 
possible  that  a  target  may  not  be  detected  or  may  be  lost  after  detection  because  of  fluctuation 
in  echo  intensities.  Since,  in  general,  both  signal  and  background  levels  fluctuate,  passive 
acoustic  torpedo  systems  are  also  affected.  Variations  in  signal  strength,  of  course,  affect 
sonar  and  other  instruments  utilizing  underwater  sound.  Because  of  the  obvious  practical 
importance  of  understanding  such  a  phenomenon  in  any  application  of  underwater  sound,  con¬ 
siderable  effort  has  been  spent  in  trying  to  analyze  this  transmission  variability.  Several 
excellent  summaries  (1,  2)  have  been  written  on  the  subject. 

Some  of  the  mechanisms  that  have  been  discussed  in  the  literature  as  possible  causes  of 
fluctuation  (2)  are  as  follows:  (a)  relative  motion  of  projector  and  hydrophone;  (b)  interference 
between  direct  and  reflected  sound  (in  deep  water);  (c)  interference  between  rays  bent  by  ther¬ 
mal,  micro-  or  macrostructure;  (d)  focusing  and  defocusing  by  thermal  inhomogeneittes  (lens 
action);  (e)  reflection  and  scattering  from  inhoraogeneities  in  the  sea;  and  (f)  interference 
between  direct,  surface-reflected,  and  bottom-reflected  sound  (in  shallow  water). 

In  general,  some  types  of  fluctuations  are  caused  by  tilting  or  turning  of  the  beam  pattern 
me  transducer  In  other  cases,  fluctuation  may  be  due  to  refraction  or  reflection,  a  sound 
beam  being  bent  in  a  varying  fashion  so  that  sometimes  it  is  received  and  sometimes  it  is  not. 

A  third  cause  of  fluctuation  is  interference  due  to  phase  shifts.  This  last  may  include  the 
effects  of  the  other  causes,  in  that  the  phase  shift  may  be  caused  by  path  difference  due  to 
reflection  or  refraction,  etc. 


The  general  problem  of  fluctuation  is  so  complex  that  it  is  hardly  possible  to  produce  a 
general  theory  that  will  take  into  arcount,  in  terms  of  known  or  measurable  parameters,  all 

»  »  »  «  »  It.  J  -  -  ■  I  .  r. ;  r*pnnt*nl  n  AnniHpr'jt  inn  miutt 

Li.c  .  ai  illicit:-':  itiVUiVtru  uiiucx  an  uuuu.iuftu  \ji  uaiwwiwpiu  it.  u  *  **'■  ‘u‘  *  *■ - 

include,  equipment  characteristics  such  as  frequency,  pulse  length,  pulse  repetition  rate, 
transducer  parameters,  type  of  detection  (such  as  peak  or  average  amplitude),  and  amount  of 
smoothing.  Ir.  addition,  the  geometry  of  transducer  depth,  range,  orientation,  and  motion  with 
respect  to  the  water  must  be  considered.  The  boundaries  of  the  medium  contribute  variable 
;.rop<-rtie  ’r.e  .-carfare  is  irregular  and  time-dependent,  and  the  bottom  varies  in  depth  and 
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acoustic  properties.  Finally  there  is,  in  general,  an  inhomogeneous,  nonisotropic  volume.  The 
problem,  of  course,  must  be  idealized  and  restricted  to  one  mechanism  at  a  time  in  order  to 
evaluate  the  importance  of  each.  For  the  purposes  of  discussing  the  recent  work  in  fluctua¬ 
tions,  a  particular  model  will  be  considered,  and  it  is  hoped  that  the  physical  situation  corre¬ 
sponds  sufficiently  often  to  this  model  to  be  useful. 

First,  consider  that  transducer  and  water  depths  are  sufficient  and  pulse  lengths  are 
short  enough  so  that  the  direct  sound  can  be  separated  from  sound  reflected  from  the  bound¬ 
aries.  The  gross  thermal  structure  or  gradient  will  be  neglected,  as  will  the  effects  of  reflec¬ 
tion,  since  fluctuation  from  these  causes  is  fairly  well  understood  and  is  covered  in  the 
standard  references  such  as  (1)  and  (2).  In  other  words,  only  the  effect  of  inhomogeneities 
in  the  volume  of  the  medium  which  cause  small  deviations  in  the  velocity  of  sound  from  the 
average  velocity  in  the  medium  will  be  considered.  For  sea  water,  the  most  important  ocea¬ 
nographic  parameters  which  can  cause  such  deviations  are  salinity  and  temperature.  In  the 
discussion  to  follow  salinity  will  be  neglected  with  only  temperature  variations  allowed  In  the 
model. 

The  reason  for  omitting  salinity  variations  from  the  considerations  are  primarily  prag¬ 
matic.  Compared  to  temperature  variations,  little  is  known  about  salinity  inhomogeneities  In 
the  sea.  Further,  as  will  be  seen  below,  an  accounting  of  temperature  variations  alone  are 
sufficient  in  many  cases  to  understand  the  observed  fluctuations  in  acoustic  transmission. 

These  small  temperature  variations  within  the  volume  of  the  sea  are  often  termed 
"thermal  mlcrostructures"  and,  for  the  purposes  of  this  report,  will  be  defined  as  temperatures 
deviating  less  than  0. 5°C  from  the  average. 

Even  under  these  rather  severe  limitations,  in  order  to  describe  the  effects  of  volume 
Inhomogeneities  on  acoustic  propagation,  considerable  knowledge  of  the  characteristics  of  the 
mlc restructure  Is  required.  Unfortunately,  the  experimental  observations  of  such  fine  tem¬ 
perature  structure  shows  wide  variations  in  its  character.  However,  these  observations  can 
be  separated  into  two  extreme  situations  which  result  in  correspondingly  different  analyses. 

Observations  of  small  scale  temperature  structure  in  relatively  small  bodleB  of  water 
protected  from  the  open  ocean  by  land  masses  has  revealed  the  existence  of  temperature  layers 
on  the  order  of  a  meter  thick  extending  horizontally  for  hundreds  of  meters  with  temperature 
excursions  of  tenths  of  a  degree  centigrade.  The  size,  shape,  and  horizontal  extent  of  these 
layers  are  slowly  varying  functions  of  time.  Such  layers  form  natural  sound  channels  which 
can  cause  considerable  local  perturbations  in  the  sound  field  depending  upon  the  geometry  of 
the  acoustic  observations  with  respect  to  the  layers.  When  transmission  Is  between  fixed 
points  these  layers  can  create  considerable  time  variations  in  the  acoustic  level,  primarily  by 
vertical  migration  over  periods  In  the  order  of  tens  of  minutes.  The  analysis  of  the  sound  field 
perturbations  is  a  direct  approach,  requiring  detailed  knowledge  of  the  temperature  structure 
which,  unfortunately,  is  difficult  and  time  consuming  to  acquire. 

In  contrast,  observations  of  deviations  from  the  average  temperature  in  horizontal  travel 
of  a  submarine  made  in  coastal  waters  have  indicated  "blobs"  or  patches  more  or  less  randomly 
varying  in  temperature  and  size.  *  On  the  basis  of  a  few  statistical  parameters  describingaver- 
age  water,  an  analysis  can  be  made  relating  these  parameters  to  statistical  properties  of  the 
acoustic  field  providing  that  certain  assumptions  are  met, 

Both  the  statistical  approach  and  the  direct  calculation  on  the  basis  of  layering  has  met 
success  in  understanding  fluctuations  under  conditions  in  which  the  prescribed  limitations  of 
each  have  been  met.  In  the  following  sections  the  theory  and  the  experimental  results  of  each 
will  be  briefly  discussed.  However,  the  paucity  of  experimental  data  on  most  regions  of 


•One  might  ronvenie nt  ly  imagine  that  the  above-mentioned  layers  are  strongly  perturbed  by  the 
re  1/itively  strong  action  of  the  wand  and  tidal  currents  u,  coastal  waters  resulting  m  the  break¬ 
ing  up  and  randomly  distributing  of  the  layer?,  of  different  temperatures. 
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interest  does  no*  allow  ready  numbers  to  be  assigned  characterizing  fluctuations  in  a  given 
locality  under  even  these  restricted  conditions. 


STATISTICAL  THEORY 

The  model  of  the  medium  to  be  considered  here  is  one  in  which  the  index  of  refraction 
varies  in  a  statistically  describable  manner  either  from  point  to  point  or  with  time  at  any 
particular  location.  It  is  first  assumed  that 

u(x,  y.  i)  *  1  »  zn(x,  y,  r),  (1) 

where  y.  ri  is  the  index  of  refraction  at  position  (x,  y,  O,  a  is  the  rms  deviation  of  a 
from  unity,  and  n(x.  y,  t)  is  the  variable  component  of  u. 

Denoting  a  space  average  by  the  symbol  <  >,  i  and  n  are  chosen  so  that 


^  n  (x,  y.  il  >  »  0.  (2) 

*nJ>  ■  1.  (3) 

It  is  further  assumed  that 

3  <<  l.  (4) 

The  second  parameter  defined  is  the  space  autocorrelation  coefficient  This  Is  given  by 

Rtx  -  x'.  y  -  y',  i  -  i'I  -  *n(x.  y,  i)  n  (x1,  y> ,  *'»  (5) 

and  is  assumed  to  be  a  function  only  of  the  coordinate  differences  *  *  y  *  y' .  *  -  The 


statistical  process  producing  the  microstructure  resulting  in  these  small  variations  In  index  of 
refraction  is  assumed  to  be  a  stationary  process,  so  that  a  kind  of  working  hypothesis  can  be 
made.  That  is,  time  averages  at  one  space  location  over  long  periods  of  time  are  equal  to 
space  average  over  large  regions  of  space  for  the  function  n  fx,  y,  i)  characterizing  the  vari¬ 
ation  in  index  of  refraction.  Time  averages  will  be  denoted  by  barred  quantities. 

There  is  some  experimental  justification  for  this  model.  Several  series  of  measure¬ 
ments  have  been  made  of  the  thermal  mlcrostructure  of  the  ocean.  In  each,  a  sensitive,  short¬ 
time-constant  electrical  thermometer  was  mounted  on  a  submarine  to  obtain  a  relatively  stable 
platform.  The  submarine  then  cruised  at  constant  depth  while  continuous  recordings  were 
made.  The  fluctuations  of  temperature  with  respect  to  the  mean  were  obtained,  and  from  these 
data,  i  and  Re z  being  the  coordinate  difference,  could  be  calculated.  References  (1)  and  (2) 
discuss  some  of  the  earlier  results.  Urlck  (3,  4),  working  at  Key  West  with  a  probe  whose 
time  constant  was  0.4  second,  found  large  patches  of  "inhomogeneous"  water  whose  average 
"size"  was  several  yards.  However,  the  time  constant  of  his  probe  prevented  the  observation 
of  temperature  variations  smaller  than  a  few  yards.  Using  a  probe  with  a  0.02-second  time 
constant  Liebermann  (5)  made  extensive  measurements  along  the  coastal  waters  from  Southern 
California  to  Alaska.  A  typical  example  of  his  data  shows  a 2  to  be  of  the  order  of  5  x  10-*. 

The  form  of  the  correlation  coefficient  was  found  to  be  a  monotonically  decreasing  function  of 
tne  coordinate  difference,  which  could  be  written  as 


where  is  a  measure  of  the  average  "patch"  size  and  is  of  the  order  of  60  cm. 


CONFIDENTIAL 


44  HIGH-FREQUENCY  DEEP-WATER  TRANSMISSION  CONFIDENTIAL 

Two  other  statistical  quantities  should  be  defined  as  measures  of  the  fluctuation  of  the 
sound  field.  These  are  the  coefficients  of  variation  of  the  intensity,  I,  and  the  pressure  ampli¬ 
tude,  p: 


7-7 

(8) 

V  2  = 

VI  2 

I 

— J  2 

v  2  _p  vp 

VA  "  2 

(9) 

P 


There  have  been  several  applications  of  this  general  model  to  fluctuation.  Bergmann  (6) 
applied  a  perturbation  calculation  based  upon  the  equations  of  ray  acoustics.  He  obtained  an 
expression  for  the  variation  of  intensity,  which  may  be  represented  approximately  by 


v,2 


—  f 

1  IS  1  1 


v2  v2  Re.-,-,  do. 


(10) 


Since  this  is  a  high-frequency  approximation  to  wave  theory,  the  frequency  does  not 
appear  as  a  parameter.  The  important  consideration  is  the  predicted  r3/J  variation  of  Vj  with 
range.  Since  it  is  a  ray  theory,  it  can  be  interpreted  as  the  result  of  the  focusing  and  defocus- 
ing  action  of  the  microstructure. 

Others  using  this  same  model  for  the  medium,  have  obtained  similar  perturbation  solu¬ 
tions  for  the  wave  equation.  Pekeris  (7)  and  Ellison  (8)  assumed  plane  waves  traveling  through 
the  medium.  Mintzer  (9,  10)  applied  the  same  general  method  in  greater  detail  to  the  case  of 
spherical  waves  under  the  condition  of  pulse  operation.  This  more  complete  and  more  general 
treatment  by  Mintzer  will  now  be  considered. 

Mintzer  (9)  places  his  transmitter  at  the  origin  and  his  receiver  at  a  position  rl  from 
the  origin.  Using  Eq.  (1),  he  then  expands  the  time- independent  wave  equation  including  terms 
of  first  order  in  obtaining 


2k 


i  n  p. 


(ii) 


Here  ko  ■  ,/e0  where  co  is  the  average,  or  unperturbed  sound  velocity. 

Applying  the  Bom  approximation  to  this  equation,  he  obtains  for  the  spherical  solution 


2n 
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Here  the  first  term  Is  the  normal  spherical  solution  of  the  wave  equation.  The  second  term 
rt-nresents  the  total  contribution  due  to  scattering  by  the  inhomogenelties,  where  r1  is  the 
location  with  respect  to  the  transmitter  of  a  differential  scattering  volume  with  lndex-of- 
refraction  deviation  from  unity  of  mix'.  y\  f). 

The  Introduction  of  the  correlation  coefficient  comes  when  p2  is  computed  for  the  coef¬ 
ficient  of  variation  of  the  pressure  A  cross-product  term  Is  obtained,  which  Includes  a  double 
integration  over  all  space  of 
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by  definition.  By  an  ingenious  process  of  approximation  based  on  the  orders  of  magnitude  of  a 
and  d,  Mintzer  arrives  at  the  final  result,  which  is 


V 


2 

A 


2k, 


2  .t2 


f 

Jo 


R(p)  flo. 


(13) 


where  the  path  of  integration  is  along  the  direction  of  the  vector  connecting  the  source  to  the 
receiver.  The  expression  given  in  Eq.  (7)  for  R  (o')  yields 


VA  •  (<i1/2kc2a2a>u2  ,1/2. 


(14) 


We  may  note  several  interesting  features  of  this  result.  First,  the  coefficient  of  variation 
for  the  pressure  is  determined  from  two  measurable  medium  parameters,  a  and  R(pV  Second, 
there  is  a  frequency  dependence  proportional  to  f ,  since  ko  *  2tf/Co.  Finally,  a  range  depend¬ 
ence  of  R1  2  is  predicted. 

In  his  second  paper,  Mintzer  (10)  examines  the  region  of  validity  for  his  first  calculation 
by  including  terms  in  a2.  He  finds  that  the  first  calculation  should  be  valid  for 


w  r  « 


IT 


(15) 


Other  approximations  are  made,  including  an  extension  to  the  high-frequency  limit,  where  a 
comparison  with  Bergmann's  ray  calculation  is  made. 


COMPARISON  WITH  EXPERIMENT 

Careful  measurements  of  sound  transmission  at  24  kc  using  a  pulse  method  were  made 
by  Sheehy  (11)  off  San  Diego.  He  obtained  data  over  many  successive  "pings’'  at  sufficient  depth 
to  separate  the  direct  ray  from  the  surface- reflected  ray.  Sufficient  data  were  taken  at  each  of 
many  ranges  from  30  yards  to  4000  yards  to  enable  a  calculation  to  be  made  of  VA.  Figure  1  is 
a  reproduction  of  a  figure  from  Mintzer’s  first  paper  (9),  showing  a  best  curve  through  Sheehy’s 
experimental  data  and  the  prediction  given  by  Eq.  (14)  for  the  wave  calculation  and  Eq.  (10)  for 
Bergmann's  ray  calculation,  both  employing  the  values  for  R  (p)  and  «  from  Liebermann.  Note 
that  the  range  dependence  of  r1/2  predicted  by  Mintzer  agrees  with  the  best  line  through  the 
experimental  data;  further,  that  the  quantitative  agreement  between  the  theory  and  the  average 
of  the  experimental  data  is  very  good  considering  the  uncertainty  in  R(p)  and  a  and  the  wide 
scatter  of  the  experimental  data.  The  range  dependence  for  ray  acoustics  does  not  agree  with 
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the  experimental  data,  indicating  that  at  24  kc  for  the  experimental  ranges  considered  the  high- 
frequency  approximation  is  not  valid. 


LAYER  THEORY 

In  the  statistical  approach  the  microstructure  was  thought  to  be  arranged  In  small 
patches  randomly  positioned  in  space  and  undergoing  random  changes  of  positions  with  time 
allowing  only  calculations  of  average  acoustical  quantities.  In  the  layer  theory,  the  model  of 
the  mediums  is  much  different.  Here  it  is  assumed  that  the  microstructure  is  arranged  in 
stable  horizontal  layers  that  preserve  their  size,  shape,  and  position  over  times  of  the  order 
of  tens  of  minutes.  For  acoustic  experiments  of  shorter  duration  than  this  stable  period  the 
layers  can  then  be  assumed  fixed  in  space  and  the  acoustic  field  at  all  points  in  space  can,  in 
principle,  be  directly  calculated  from  the  layer  characteristics  and  the  geometry  of  the  trans¬ 
ducer  position. 

The  experimental  evidence  for  the  existence  of  such  layers  is  unfortunately  confined  to 
only  two  geographic  areas.  Galle  (12)  in  1940  through  1944  made  a  series  of  observations  in 
the  Baltic  Sea.  His  work,  published  in  1953,  discusses  these  results  and  a  theoretical  inter¬ 
pretation  of  the  mode  of  layer  formation.  Garrison  (13)  has  made  similar  observations  in 
Dabob  Bay,  located  in  Puget  Sound,  Washington.  Figure  2  shows  a  typical  layer  traced  for  a 
distance  of  140  yards  over  a  time  of  56  minutes. 
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Figure  2  -  Temperature  profiles  as  a  function  of  depth 
(Dabob  Bay,  N  End,  March  22,  1955) 

To  readily  obtain  an  estimate  of  the  effect  of  such  layers  on  sound  transmission  advantage 
may  be  taken  of  the  small  deviation  of  the  index  of  refraction  from  the  average  value  through¬ 
out  the  medium.  A  single  layer  is  assumed  extending  horizontally  throughout  all  space,  with 
an  average  value  of  1  and  a  maximum  excursion  from  the  value  ol  i.  Then 

u  1  *  inf i),  (16) 

where  r, ,  zj  is  a  function  of  depth  only  and  is  normalized  to  one  at  the  maximum  excursion. 

The  dimension  z  is  chosen  to  be  zero  at  the  depth  of  the  transmitter  and  assumed  to  be  much 
less  than  one.  A  perturbation  calculation  on  the  ray  approximations  of  the  Eikonal  Equations 
16  followed, after  Bergmann  (6).  Defining  I.,  as  the  difference  between  the  actual  sound  level 
(in  nepers)  and  the  level  caused  by  spherical  spreading,  Bergmann’s  Eq.  (20)  becomes 

bj  -  xj  (\  ■  ,  2  n  (  i)  ilr  (If) 


».t.  do 
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where  the  integral  is  taken  along  the  line  from  the  source  to  the  receiver  located  at  r*  with 
respect  to  the  transmitter.  This  can  be  rewritten  as 

L  -  [•  n(zl-n(o)*-fn(Odi"|.  (18) 

L  1  Jo  J 

Once  the  shape  function  of  the  layer,  n  (i),  is  available  from  experimental  data,  the  per¬ 
turbation  level  Lj  can  readily  be  calculated. 

Unfortunately  for  this  simple  approach,  no  simple  validity  criterion  is  available.  Being 
a  perturbation  calculation,  the  dependence  of  Eq.  (18)  cannot  be  valid  for  ranges  which  allow 
to  be  too  large  a  fraction  of  the  inverse-square  level.  However,  as  v/ill  be  shown  in  the 
next  section,  comparison  with  experimental  values  are  surprisingly  good  up  to  values  for  Lj  of 
the  order  of  10  db. 


COMPARISON  WITH  EXPERIMENT 

Figure  3  gives  an  example  (12)  of  the  application  of  Eq.  (18).  The  temperature  distribu¬ 
tion  on  the  right,  shows  a  predominant  layer  at  150  feet  in  depth.  This  was  approximated  by  a 
gaussian  curve  with  the  parameters  noted  on  the  figure.  The  actual  relative  sound  level  Is 
shown  by  the  light,  irregular  iine  on  the  right  measured  at  525  yards  with  60  kc  pulses.  The 
predicted  level  is  the  smooth  heavy  line  with  reasonable  agreement. 


TEMPERATURE, *c 

Figure  3  -  Comparison  of  predicted  and  measured  acoustic 
variations  as  a  function  of  depth  at  a  constant  range  (Dabob 
Bay,  March  2,  1955,  range  -  525  yd.,  depth  -  140  ft) 

Figure  4  shows  a  more  complicated  example  (14).  The  actual  temperature  distribution 
is  shown  on  the  left  with  the  dotted  line  and  the  resultant  approximation  to  it  by  a  series  of 
gaiiSSlluVS  oho  wn  with  the  solid  iine.  The  actual  sound  level  and  the  predicted  level  is  shown  to 
the  right  for  a  transmitter  at  240  feet  in  depth  and  a  range  of  520  yards.  Again,  a  reasonable 
agreement  is  obtained  between  the  predicted  sound  level  and  the  actual  level. 

The  two  foregoing  examples  are  typical  of  those  situations  In  which  the  structure  was 
truly  layered  and  which  therefore  allowed  the  application  of  the  theory  of  this  section.  It 
should  be  emphasized,  however,  that  such  an  ideal  situation  does  not  always  occur.  Layers 
existing  strongly  at  one  fxjint  can  fade  out  and  become  extinct  In  moving  several  hundred  feet 
horizontally.  Further,  influx  of  tidal  currents  and  the  excitation  of  Internal  waves  (12)  can 
distort  the  thermal  pattern  radically  over  a  time  of  20  to  30  minutes. 
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Figure  4  -  Sound  level  variations  predicted  by  thermal  layers 
(Dabob  Bay,  August  1955,  Tx  depth  -  240  ft) 


CONCLUSIONS 

In  the  preceding  discussion,  fluctuation  in  direct  sound  transmission  has  been  associated 
with  the  thermal  microstructure  existing  between  the  transmitter  and  the  receiver.  Two  con¬ 
venient  models  of  the  arrangement  of  the  microstructure  throughout  the  volume  have  been 
considered,  both  of  which  have  the  support  of  experiments  in  certain  local  areas.  However, 
the  extrapolation  of  these  data  and  prediction  techniques  to  other  localities  is  not  possible 
until  more  extensive  studies  of  the  thermal  microstructure  and  its  process  of  formation  are 
made  in  many  different  oceanographic  situations.  The  designer  and  operator  of  acoustic  equip¬ 
ment,  then,  is  not  well  supplied  with  the  kind  of  information  on  fluctuations  he  may  desire.  He 
knows  that  he  may  expect  in  direct  transmission  variances  of  the  kind  shown  in  Fig.  1.  Further, 
he  is  aware  that  small  temperature  layers  of  the  kind  shown  in  Figs.  2,  3  and  4  can  cause  acous¬ 
tic  ''holes”  which  extend  essentially  horizontally  and  have  a  magnitude  of  the  order  of  10  db  at 
several  hundred  yards,  depending  upon  the  transducer  and  layer  geometry.  However,  he  has 
neither  a  way  to  choose  between  these  alternate  viewpoints  in  a  given  application  nor  a  reason¬ 
able  value  of  the  pertinent  parameters  needed  to  apply  these  theories.  Further,  information 
concerning  other  important  functions  such  as  probability  distributions  of  amplitudes  and  rapid¬ 
ity  of  fluctuations  with  time,  is  not  available  for  general  applications.  Rather,  the  chief  con¬ 
tribution  of  the  work  discussed  in  this  section  lies  in  the  foundation  established  from  which  to 
continue  the  study  of  fluctuations. 

Future  experimental  and  theoretical  work  must  be  done.  However,  it  must  be  emphasized 
that  acoustic  data  alone,  without  a  corresponding  study  of  oceanographic  conditions  including 
the  microstructural  arrangement  in  the  medium,  is  of  little  value.  Indeed,  a  strong  effort  made 
iu  understand  the  basic  processes  Involved  in  the  production  of  this  microstructure  and  the 
probable  distribution  of  this  structure  throughout  geographical  regions  of  acoustic  Interest 
would  greatly  clarify  the  present  situation. 
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LONG-RANGE  SOUND  TRANSMISSION  IN  DEEP  WATER 
C.  B.  Officer 

Woods  Hole  Oceanographic  Institution 


INTRODUCTION 

This  chapter  covers  the  general  subject  of  long-range  sound  transmission  in  deep  water. 
The  main  concern  is  with  transmission  from  a  snaiiow,  near-surface  source,  propagation  from 
a  deep  source  to  a  deep  receiver  via  the  SOFAR  channel  being  covered  elsewhere  in  the  volume. 
A  brief  discussion  of  the  various  transmission  paths  from  a  shallow  source  to  a  receiver  at 
distance  and  a  review  of  the  criteria  that  have  been  developed  over  the  past  few  years  from 
both  theoretical  considerations  and  field  measurements  to  determine  over  what  ranges  and 
frequencies  each  of  these  paths  is  available  and  to  determine  their  dependence  on  environ¬ 
mental  factors  are  given.  The  results  are  applicable  to  the  problems  involved  in  the  long- 
range  detection  of  and  by  submarines. ' 

Historically,  this  work  begins  with,  and  is  heavily  dependent  on,  three  excellent  papers 
(9,  10,  and  60)  that  were  published  shortly  after  World  War  n.  Since  then  the  research  in  this 
field  has  progressed  in  several  directions.  Work  has  continued  on  the  study  of  SOFAR  propa¬ 
gation  (58,  2,  6,  and  14)  with  application  to  the  location  of  submarine  topographic  peaks  (25  and 
49).  Recognition  of  the  existence  of  the  35-mile  focussing  peaks  (54,  55,  56,  23,  47,  and  20) 
has  led  to  a  continued  examination  of  these  convergence  regions  (5,  7,  26,  46,  44,  18,  and  28). 
Considerable  emphasis  has  been  placed  on  the  study  of  long-range  transmission  through  the 
surface,  isothermal  sound  channel  (50,  35,  51,  29,  52,  53,  48,  30,  57,  36,  45,  32,  33,  1,  31,  11, 
and  34).  Recently  the  emphasis  has  shifted  to  a  more  general  study  of  sound  transmission 
from  a  shallow  source  in  deep  water  and  of  transmission  from  deep  to  shallow  water,  with 
particular  emphasis  on  the  dependence  on  oceanographic,  topographic,  and  geologic  conditions 
(59,  21,  15,  37,  13,  40,  16,  4,  3,  43,  and  61)  which  has  led  an  increased  interest  and  research  on 
bottom  reflectivity  (19,  27,  37,  40,  44,  16,  42,  24,  8,  and  62)  and  to  prediction  of  long-range 
transmission  conditions  for  moderately  complex  areas  (22,  38,  12,  39,  and  41). 

As  might  be  expected,  it  is  essential  to  have  an  adequate  knowledge  of  the  physical  factors 
affecting  sound  transmission  of  the  area  under  consideration.  The  most  important  are  the 
sound-velocity  structure  in  the  ocean,  the  bottom  topography,  and  the  bottom  reflectivity.  The 
sound-velocity  structure  in  the  ocean  is  usually  determined  from  bathythermograph  lowerings 
and  hydrographic  stations  of  water-bottle  samples  collected  at  depth.  The  bottom  topography 
is  determined  from  surveys  which  in  many  cases  require  precision  echo  sounding  and  accurate 
navigational  control.  The  bottom  reflectivity  as  a  function  of  angle  of  incidence  and  frequency 
is  determined  from  seismic  reflection  profiles.  Additional  information  to  an  understanding  of 
bottom  reflection  phenomena  are  obtained  from  seismic  refraction  profiles  and  deep  sea  cores. 
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CRITERIA  DETERMINING  LONG  RANGE  SOUND  TRANSMISSION  IN  MODERATELY  DEEP 
TO  DEEP  OCEAN  AREAS 

There  are  four  possible  types  of  paths  for  sound  to  travel  from  a  near  surface  source  to 
a  receiver  at  distance  in  deep  ocean.  These  are  illustrated  in  Fig.  1. 


A 


B 


Figure  1  -Raydiagrams  of  four  types  of  deepwater  transmission 
Transmission  Through  the  Surface  Sound  Channel  (Fig.  1A) 

If  there  is  mixed,  isothermal  water  near  the  ocean  surface,  a  slight  positive  sound- 
velocity  gradient  will  be  developed  down  to  the  depth  of  the  main  or  seasonal  thermocline,  thus 
forming  a  sound  channel  with  the  ocean  surface  as  shown  in  Fig.  2A.  This  sound  channel  when 
developed  usually  extends  down  to  a  modest  depth  of  around  100  to  300  feet.  The  frequency 
content  of  the  energy  trapped  is  a  function  of  the  channel  thickness;  for  a  100-ft  channel,  energy 
is  trapped  down  to  a  frequency  of  3000  cps;  for  a  300-ft  channel  down  to  1000  cps.  The  effi¬ 
ciency  of  the  channel  is  also  dependent  on  the  attenuation  from  absorption  losses  in  sea  water 
and  scattering  losses  from  the  rough  sea  surface,  both  of  which  give  an  increased  attenuation 
with  increasing  frequency.  The  absorption  loss  has  been  given  (32  and  33)  in  decibels  per 
kiloyard  as 


A 


B 


C 

SO-'ND  VELOCITY 


figure  L  -  Characteristic  soun<l  velocity  sections 
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where  f  is  the  frequency  in  kilocycles  per  second  and  fm  =  2.19  *  io7.  6300/T  *  sj4li  T 
in  degrees  Fahrenheit,  in  agreement  with  theory  and  laboratory  experiments.  For  frequencies 
around  16,000  cps,  the  scattering  loss  from  sea-surface  roughness  has  been  given  as  5-db  loss 
per  range  interval  of  the  ray,  taking  the  maximum  surface-to-surface  distance  in  the  channel, 
for  each  Beaufort  unit  increase  in  wind  force.  Thus,  the  combined  effects  of  the  increased  loss 
w  ith  decreasing  frequency  due  to  leakage  out  of  the  channel  and  the  increased  loss  with  increas¬ 
ing  frequency  due  to  absorption  and  scattering  produce  an  optimum  frequency  for  best  trans¬ 
mission.  Prediction  (57)  of  the  overall  attenuation  for  various  thicknesses  of  the  isothermal 
channel  is  shown  in  Fig.  3.  These  predictions  have  been  verified  (36)  as  to  the  value  of  the 
optimum  frequency  as  a  function  of  channel  thickness  and  the  magnitude  of  the  attenuation  at 
both  lower  and  higher  frequencies.  This  type  of  transmission  is  generally  unimportant  for  the 
lower  frequencies  (500  cps  and  below)  but  can  in  some  cases  be  the  most  important  path  at 
higher  frequencies.  This  type  of  transmission  will  exist  for  the  sound- velocity  sections  of 
Fig.  2A  but  is  not  allowed  for  the  sound  velocity  sections  of  Figs.  2B  and  2C. 

Transmission  Via  Bottom  and  Surface  Reflection  (Fig.  IB) 

This  type  of  path  is  allowed  with  any  sound-velocity  structure  or  bottom  depth.  The 
important  criterion  in  determining  its  effectiveness  is  the  amount  Of  energy  that  Is  returned 
from  the  bottom  upon  each  reflection.  There  has  been  some  confusion  as  to  the  reflectivity  of 


i  .i  r~rn  '  *  Surface  sour  A  channel  attenuation  as  a 
function  of  frequent  /  a  no  channel  depth  (^7) 
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the  bottom,  several  investigators  having  reported  negligible  bottom  reflection  losses  as  a 
function  of  angle  of  incidence  or  frequency.  This  generally  is  not  true;  usually  there  is  a  con¬ 
siderable  bottom- reflection  loss,  which  is  a  function  of  both  angle  of  incidence  and  frequency. 

As  one  follows  a  given  order  of  reflection,  say  the  first  order,  (Curve  1  of  Fig.  IB),  out  in 
range,  the  angle  of  incidence  on  the  bottom  will  decrease  from  near  vertical  to  a  more  grazing 
angle;  the  percent  of  energy  returned  from  the  bottom  is  predicted  from  simple  theory  to 
increase  with  range  to  100%  at  some  intermediate  angle,  known  as  the  critical  angle,  and 
remain  the  same  with  continuing  decrease  in  angle  of  incidence.  This  effect,  due  to  partial 
transmission  into  the  bottom,  is  observed,  but  in  general  the  reflectivity  even  beyond  the 
critical  angle  is  not  unity.  For  a  long-range  transmission  run.  the  increased  losses  at  the 
steeper  angles  of  incidence  are  such  that  the  higher  orders  of  reflection  are  not  observed  until 
the  range  of  their  critical  angle  ray  Is  reached.  This  phenomenon  has  been  used  (62)  to  deter¬ 
mine  the  critical  angle,  giving  values  in  agreement  with  that  expected  from  seismic  velocity 
measurements  of  the  bottom  sediment. 

As  one  continues  to  follow  a  given  order,  say  the  first  order,  beyond  the  critical  angle,  a 
range  will  be  reached  beyond  which  that  reflection  will  not  be  received.  This  is  due  to  the 
velocity  structure  in  the  ocean.  The  ray  which  carries  a  given  order  of  reflection  out  to  its 
maximum  range  is  known  as  the  limiting  ray.  The  range  interval  between  the  critical-angle 
ray  and  the  limiting  ray  is  a  good  criterion  for  the  distance  over  which  a  given  order  of  bottom 
reflection  is  received  well.  In  Fig.  4  the  critical  angle  and  limiting  rays,  and  the  range  inter¬ 
vals  for  best  reception  by  one  and  two  bottom  reflections  are  shown  for  a  moderately  deep  ocean 
and  a  horizontal  bottom. 


«»<  KfllCH  ST«I»E5  V 
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Figure  4  -  Critical  angle  and  limiting  rays  and 
range  intervals  of  best  reception  by  bottom 
reflection 

Of  considerable  interest,  then,  in  this  type  of  transmission  is  the  bottom  reflectivity  over 
the  range  interval  of  best  reception.  Figure  5  is  a  graph  of  the  average  energy  lost  per  cycle 
of  bottom  and  surface  reflection  over  this  interval  plotted  as  a  function  of  frequency  for  various 
geologic  areas  (37,  40,  24,  and  16).  AH  the  graphs  show  an  increase  in  loss  with  increase  in 
frequency.  This  is  probably  due  to  the  combined  effects  of  scattering  from  bottom  and  surface 
roughness  and  of  local  interaction  across  the  boundary  between  the  ocean  and  the  highly  porous 
sediment.  At  the  lower  frequencies,  below  300  cps,  another  mechanism  is  dominant.  A  close 
examination  of  the  bottom  reflections  at  these  frequencies  shows  that  the  arrival  consists  of 
one  or  more  subbsttcm  reflections  a=>  well  as  the  bottom  reflection,  and  further  that  as  the 
angle  of  incidence  decreases  from  near  vertical  the  portion  of  the  energy  reflected  from  the 
bottom  decreases,  and  that  reflected  from  below  the  bottom  increases  and  becomes  the  domi¬ 
nant  energy  return  (42  and  62).  Owing  to  the  steep  velocity  gradient  In  the  sediment,  the  sub¬ 
bottom  reflections  eventually  become  a  subbottom  refraction.  This  sequence  of  events  is  theo¬ 
retically  understandable  in  terms  of  reflection  from  and  propagation  in  a  highly  porous  sedi¬ 
mentary  material.  Over  the  ocean  basin  areas  of  the  Western  Atlantic  the  total  energy  returned 
from  the  subbottom  and  bottom  is  nearly  unity  at  frequencies  below  200  cps  (Fig.  5).  Over  the 
depositional  areas  of  the  gentle  rise  from  the  ocean  basins  to  the  North  American  continent  the 
loss  is  greater  at  corresponding  frequencies. 
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Figure  5  -  Reflection  loss  for  angles  of  incidence  more  gracing  than 
critical  as  a  function  of  frequency  and  geologic  area  (40) 


In  dealing  with  bottom-reflected  rays,  complications  can  arise  from  variations  In  sub¬ 
marine  topography.  One  of  the  more  obvious  effects  is  either  partial  or  total  blocking  of  the 
incoming  signal.  Out  from  a  hydrophone  off  the  Bahamas  there  Is  a  change  in  bottom  topog¬ 
raphy  such  that  in  progressing  from  a  northeast  to  a  north  bearing  somewhat  over  half  of  the 
bottom- reflected  rays  are  cut  off,  giving  a  corresponding  drop  of  about  4  db  in  received  signal 
(21).  Out  from  the  hydrophone  at  Oahu  there  is  considerably  greater  topographic  variation 
such  that  on  an  arc  run  at  50- miles  range  the  signal  varied  by  22  db  with  a  maximum  variation 
of  10  db  over  an  arc  of  3  to  4“  (4).  In  a  somewhat  similar  situation  a  transmission  run  over  the 
mountainous  region  southeast  of  Bermuda  (24)  showed  losses  considerably  higher  than  those 
observed  over  level  bottoms  (Fig.  5). 

A  less  obvious  effect  is  that  of  long-range  transmission  over  a  gentle  slope,  such  as  the 
continental  rise.  Upon  each  cycle  of  bottom  and  surface  reflection  the  direction  of  the  rays  is 
changed  by  twice  the  inclination  of  the  bottom.  Thus,  on  transmission  upslope  the  bottom- 
reflected  rays  are  steepened  and  energy  is  shifted  from  the  region  between  the  limiting  and 
critical-angle  rays  down  to  angles  of  incidence  steeper  than  critical  with  the  result  that  addi¬ 
tional  energy  is  lost  into  the  bottom.  For  example,  in  the  case  shown  in  Fig.  6B  the  limiting 
ray  has  an  angle  of  Incidence  on  the  bottom  of  5s  with  the  horizontal  and  the  critical-angle  ray 
29°;  this  gives  an  angular  coverage  of  24°  for  best  transmission  by  bottom  reflection.  If  the 
bottom  slope  is  2°,  the  rays  will  be  steepened  by  4°  upon  each  bottom  reflection  and  after  the 
sixth  reflection  all  the  energy  will  be  shifted  down  into  the  region  of  poor  transmission,  so  that 
beyond  the  range  at  which  only  the  seventh  or  higher-order  reflections  are  received,  all  the 
energy  will  have  had  to  take  at  least  one  reflection  steeper  than  the  critical -angle  reflection. 

Similarly  for  transmission  downslope  the  energy  is  shifted  to  more  grazing  angles  of 
incidence  and  some  of  the  energy  is  changed  to  BAR,  Fig.  1C*, and  SOFAR  rays.  Another  effect 
is  that  of  focussing  and  defocussing  due  to  bottom  curvature.  In  Fig.  6C  a  case  of  focussing 
from  a  concave  bottom  is  illustrated.  In  general  such  focussing  Is  observed.  Over  transmis¬ 
sion  runs  where  there  is  also  a  good  echo-sounding  traverse,  increases  and  decreases  in  the 
intensity  of  the  individual  orders  of  reflection  can  be  associated  with  particular  topographic 
features  (37  and  40). 

*See  alto  p.  57 
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TRANSMISSION  OOWNSLORE 
ANGULAR  CHANGE  ■»  2  X  BOTTOM  INCLINATION  PER 
REFLECTION 


Figure  6  -  (a)  Transmission  diagram,  (b)  transmission 
changes  over  a  sloping  bottom,  and  (c)  focussing  by  the 
bottom  (37) 

A  convenient  method  for  estimating  the  effect  of  transmission  upslope  or  downslope  or 
through  a  section  of  ocean  in  which  there  Is  a  horizontal  variation  in  sound  velocity,  such  as 
the  Gulf  Stream  region,  is  that  of  the  transmission  diagram  (37).  On  such  a  diagram  the  inter¬ 
val  of  best  reception  for  each  order  of  reflection  is  plotted  against  the  range.  Each  line  should 
be  marked  with  the  percent  of  energy  returned  after  Its  appropriate  number  of  reflections  for 
the  frequency  interval  of  interest,  the  reflectivity  values  being  obtained  from  graphs  such  as 
Fig.  5.  In  Fig.  6A  a  diagram  is  shown  for  the  simple  case  of  a  deep  Atlantic  station  at  low 
frequencies  with  a  horizontal  bottom.  For  upslope  transmission  the  Intervals  for  succeeding 
orders  will  be  less  than  that  shown  In  Fig.  6A  and  eventually  become  zero.  The  measured 
intensity  at  any  range  then  is  the  sum  along  a  vertical  line  of  the  contributions  from  the  appro¬ 
priate  bottom  reflections  phis  a  spherical  ray  spreading  term  (1/R2).  This  must  be  corrected 
in  general  for  ray  focussing  and  defocussing  effects  due  to  the  sound-velocity  structure  in  the 
ocean,  particularly  for  the  more  grazing  rays,  and  for  effects  due  to  bottom  curvature.  For 
upslope  transmission,  the  regions  to  the  left  In  the  diagram  (which  represent  energy  which  has 
iaken  only  one,  two,  etc.  reflections  steeper  than  critical)  with  their  appropriate  reflectivity 
must  also  be  Included.  The  method  has  been  useful  in  predicting  and  verifying  experimental 
results  over  a  sloping  bottom  (37)  and  through  a  region  of  horizontal  variation  in  sound 
velocity  (3). 
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Transmission  Via  a  Refraction  at  Depth  in  the  Ocean  Without  Bottom  Reflection  (Fig.  1C) 

This  type  of  path  is  allowed  only  when  the  sound-velocity  condition  is  met  that  the  maxi¬ 
mum  velocity  near  the  surface  is  exceeded  at  depth  in  the  ocean.  This  condition  follows 
directly  from  Snell's  law  for  a  variable- velocity  medium.  In  the  sound-velocity  sections  of 
Fig.  2  this  type  of  ray  Is  allowed  for  Figs.  2A  and  2C  but  not  for  Fig.  2B.  If  the  depth  were 
three-quarters  that  shown  for  Fig.  2A  or  one-third  that  for  Fig.  2C,  this  type  of  ray  would  not 
be  allowed  for  these  cases  either.  As  shown  in  Fig.  1C  this  type  of  ray  is  received  over  a 
limited  range  interval  for  each  cycle  of  refraction  at  depth;  this  inverval  is  dependent  on  the 
thickness  of  water  below  the  point  where  the  maximum  velocity  near  the  surface  is  reached  at 
depth;  Fig.  2C  would  thus  give  a  longer  interval  than  2A.  For  typical  sound-velocity  sections 
in  the  Pacific  this  type  of  ray  first  appears  at  a  range  of  approximately  30  nautical  miles 
(Fig.  7),  and  continues  out  to  a  range  dependent  on  the  depth  of  water.  If,  for  example,  this 
ray  first  appears  at  a  range  of  3  units  and  disappears  at  a  range  of  4  units  for  the  first  cycle, 
it  will  reappear  again  at  a  range  of  6  units  for  the  second  cycle  and  disappear  at  8  units,  then 
reappear  again  at  9  units  for  the  third  cycle  and  disappear  at  12  units,  then  reappear  at  12  units 
for  the  fourth  cycle  and  so  on,  so  that  beyond  a  range  of  9  units  there  is  continuous  coverage  by 
one  or  more  cycles  of  this  type  of  ray,  overcoming  in  part  the  apparent  deficiency  in  coverage 
which  would  result  from  the  consideration  of  a  particular  order  of  refraction  alone.  Each  of 
these  zones  may  consist  of  two  parts,  an  intense  focussing  peak,  F,  followed  by  a  broad  region 
of  moderately  high  intensity,  RSR.  This  RSR  region  is  of  the  order  of  6  db  more  intense  than- 
the  corresponding  bottom  reflections,  RE,  at  the  same  range.  Figure  8,  a  graph  of  computed 
ray  intensity  from  a  shallow  source  to  a  shallow  receiver  for  a  mid-Atlantic  station  (with  a 
deep,  1000-ft,  isothermal  channel),  Illustrates  these  regions.  Values  for  the  intensity  Increase 
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Figure  7  -  Ray  diagram  for  transmission  by  a  refraction  at  depth  in  the  ocean  (54). 
Surface  water  isothermal  to  300  ft. 
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Figure  8  -  Computed  ray  intensities  for  bottom  reflec¬ 
tions,  focussing  peak,  and  RSR  region  (unpublished, 

Brockhurst,  WHOI) 

in  the  neighborhood  of  the  focussing  peaks  hare  been  quoted  as  20-30  db  (55),  5-10  db  (26), 

15-20  <Mj  (7),  18  db  (1),  and  18  *9  db  (18).  It  is  difficult  from  some  of  the  references  to  deter¬ 
mine  whether  the  measurements  were  at  the  focussing  peaks  or  the  nearby  RSR  region,  but  it 
is  surmised  that  the  lower  values  refer  to  the  RSR  regions,  the  highest  values  being  restricted 
to  the  narrow  peaks. 

A  graph  such  as  shown  in  Fig.  9  is  of  value  in  determining  the  extent  of  the  RSR  region 
and  the  existence  of  a  focussing  peak.  Here  the  angle  of  emergence  of  a  ray  from  a  shallow 
source  is  plotted  against  the  range  at  which  the  ray  reappears  at  the  surface.  The  heavy  curve 
corresponds  to  the  rays  which  have  been  returned  by  a  refraction  at  depth  in  the  ocean,  the 
light  curves  to  the  bottom  reflections.  In  this  case  deep  refractions  exist  for  water  depths 
greater  than  2200  fathoms.  With  increasing  depth  of  refraction  down  to  2400  fathoms  the  range 
decreases,  and  then  with  continuing  increase  of  depth  the  range  increases.  The  focussing  peak, 
F,  is  located  at  the  knee  of  the  curve.  This  is  understandable  qualitatively  In  that  at  this  point 
there  is  an  intense  crowding  of  rays  within  a  narrow  range  interval.  For  this  case,  if  the  depth 
of  water  is  greater  than  2400  fathoms  a  focussing  peak  will  exist;  if  less,  no  Intense  focussing 


Figure  9  -  Graph  of  angle  of  emergence  from  a 
shallow  source  as  a  function  of  range  to  illustrate 
the  focussing  peak  and  the  RSR  region 
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►  peak,  F,  will  exist.  The  extent  of  RSR  coverage  for  the  first  cycle  is  simply  that  portion  of  the 

curve  to  the  depth  of  water  for  the  particular  case;  the  extent  of  coverage  for  the  second  cycle 
will  be  simply  twice  this  interval  located  at  twice  the  range  and  so  on.  When  the  sound  velocity 
conditions  are  such  as  to  allow  this  type  of  transmission,  it  is  in  general  the  most  intense 
arrival  at  all  frequencies,  due  in  part  to  the  focussing  effects  that  occur  along  the  ray  paths 
and  in  part  to  the  lack  of  bottom  reflection  losses. 

Transmission  Via  Leakage  Into  and  Out  of  the  Surface-Sound  Channel  with  an  Associated 
Limiting  Ray  Bottom  Reflection  or  Refraction  at  Depth  {Fig.  ID) 

This  type  of  ray  is  allowed  only  when  a  surface-sound  channel  exists.  It  is  not  as  Intense 
as  its  associated  cycle  of  deep  refraction  or  bottom  reflection,  but  does  extend  at  lower  inten¬ 
sity  the  range  over  which  the  associated  cycle  is  observed.  In  a  case  (24)  where  a  good 
surface-sound  channel  existed,  (400  ft),  this  type  of  transmission  extended  the  coverage  of 
each  cycle  by  as  much  as  200  kUoyards  in  the  frequency  region  from  150  to  1000  cps.  Similar 
to  surface  sound-channel  transmission,  this  type  of  transmission  is  generally  unimportant  at 
the  lower  frequencies  but  can  in  some  cases  be  an  important  path  at  higher  frequencies. 
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PROPAGATION  LOSSES  FOR  PULSED  CW  AUDIO- FREQUENCY 
SOUND  IN  DEEP  WATER 

F.  E.  Hale 

U.  S.  Navy  Electronic  a  Laboratory 


INTRODUCTION 

It  will  become  Increasingly  apparent  to  the  reader  that  the  approach  In  this  paper  is  one 
stressing  the  possibility  of  predicting  the  propagation  losses  for  low  audio-frequency  sound  at 
ranges  appropriate  to  those  frequencies,  and  with  almost  complete  disregard  of  fine  detail  such 
as  closely  spaced  multiple  arrivals  and  phase.  It  would  seem  that  one  valuable  contribution 
has  been  to  show  that  for  some  applications  reasonable  predictions  can  be  made  baaed  on  only 
the  oceanographic  data  ordinarily  available.  If  greater  accuracy  Is  required  or  if  oceanographic 
data  are  not  available,  then  measurements  appropriate  to  the  particular  requirement  are  in 
order  ft  is  clearly  beyond  the  scope  of  a  single  article  to  do  more  than  touch  on  the  common 
types  of  propagation.  The  purpose  is  to  consolidate  and  present  information  permitting  a  rough 
prediction  for  both  bottom-reflected  sound  and  sound  influenced  by  the  deep  sound  channel,  so 
that  these  predictions,  combined  with  knowledge  of  surface-channel  propagation,  will  provide  a 
complete  and  reasonably  accurate  picture  of  propagation  at  these  frequencies.  Prediction  of 
surface-duct  propagation  for  the  most  part  will  need  to  be  based  on  another  section  of  this  sum¬ 
mary  or  on  other  sources. 


BOTTOM-REFLECTED  SOUND 

If  the  sound-velocity  gradients  in  the  oceans  could  be  neglected,  then  underwater  sound 
would  become  more  predictable.  This  is  seldom  the  case,  but  for  one  type  of  deep-water  prop¬ 
agation  such  neglect  1s  not  so  serious  as  to  prevent  formulating  of  rough  predictions. 

Bottom- reflected  sound  In  deep  water,  simply  by  virtue  of  its  steeper  paths  through  the 
ocean,  is  affected  to  a  lesser  degree  by  velocity  changes  with  depth  than  is  sound  which  follows 
more  nearly  horizontal  paths,  If  interest  can  be  confined  to  a  particular  inclined  beam,  then 
the  geometry  of  Fig.  1  applies. 


Figure  I  -  Steep-angled  eound  beam  reiulting  in 
firet  and  eccond  bottom-reflected  eignalt 

Note!  Paper  received  December  1955 
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One  may,  then,  usually  predict  a  prop¬ 
agation  loss  based  on  (a)  spherical  spread¬ 
ing  along  the  slant- range  to  the  point  of 
measurement,  (b)  the  absorption  loss  from 
Fig.  2  for  the  frequency  considered  (1),  and 
(c)  a  third  empirical  term  which  accounts 
for  reflection  losses  at  the  bottom.  These 
reflection  losses  are  frequency  dependent 
and  have  been  compiled  to  cover  the  average 
situation  for  deep-water  bottoms.  Losses 
determined  for  the  Atlantic  from  the  AMOS 
data  (2)  are  the  most  extensive  and  have  been 
plotted  with  appropriate  probable  errors  (see 
Fig.  3). 

A  further  loss  which  may  become 
important  is  associated  with  reflection  from 
the  surface.  Although  it  has  been  presented 
as  having  very  appreciable  values  at  near 
grazing  angles  (30)  and  will  certainly  be 
important  at  higher  frequencies  and  sea 
states,  it  has  not  been  necessary  for  present 
accuracies  to  Include  this  loss  in  treating 
data  of  this  report. 

To  determine  applicability  of  the 
bottom- reflection  losses  of  Fig.  3  to  Pacific 
areas,  they  have  been  used  In  computing 
propagation  losses  which  were  then  com¬ 
pared  with  Pacific  area  experiments.  These 
experiments  were  to  a  maximum  50- mile 
range,  and  were  extensive  although  fewer  in 
number  than  the  AMOS  tests.  Areas  were 
from  California  and  the  Hawaiian  Islands 
north  to  the  Bering  Sea.  A  total  of  164  averaged  measurements  in  the  frequency  range  0.2  to 
7.5  kc  were  considered,  and  averages  over  range  intervals  of  5  and  10  miles  were  commonly 
used.  Bathymetry  was  not  considered  tn  the  comparison,  but  was  considered  in  choosing  mod¬ 
erately  smooth  bottoms  for  test  sites. 

The  comparison  showed  that  44%  of  the  losses  lay  within  the  probable  errors  of  the  AMOS 
data.  This  agreement  is  good,  although  NEL  data  did  not  substantiate  the  small  probable  errors 
at  frequencies  below. 0.5  kc  as  reported  from  AMOS.  Since  variation  of  data  scatter  with  fre¬ 
quency  was  not  substantiated,  it  is  of  interest  to  note  that  73%  of  ail  Pacific  data  lay  within 
±5  db  of  computed  propagation  losses. 

In  this  comparison  there  was  no  obvious  disagreement  for  any  particular  class  of  data. 
Various  areas  and  ranges  seemed  to  agree  with  predicted  values  about  equally  well,  and  so  did 
various  frequencies  except  for  the  previously  mentioned  fact  that  data  scatter  at  lowest  fre¬ 
quencies  was  not  so  small  as  predicted. 

It  is  not  to  be  inferred  that  there  will  necessarily  be  general  agreement  on  the  validity  of 
this  method.  Remember  that  large  amounts  of  data  have  been  drawn  upon  and  small  differences 
eliminated.  Reports  of  individual  tests  (4,  5,  6)  and  one  analysis  of  a  part  of  common  data  (7) 
led  to  somewhat  different  conclusions.  Spot  check  of  still  another  test  (8)  seems  to  show  good 
agreement  at  the  longer  ranges,  with  poorer  agreement  at  short  ranges  where  an  appreciable 
directivity  correction  was  used.  Perhaps  some  breakdown  by  area  (3)  will  be  useful  for  more 
precise  prediction,  or  the  weight  of  more  data  can  be  brought  to  bear  on  Improvement  of  the 
empirical  terms. 
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Figure  Z  -  Sound  absorption  coefficient 
in  sea  water 
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Figure  3a  -  Bottom  losses  at  lower  frequencies 
as  determined  from  AMOS  data 


FREQUENCY  (Kc) 

Figure  3b  -  Probable  errors  to  be  associated 
with  AMOS  bottom  losses 
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In  spite  of  these  differences  one  must  conclude  that  fair  prediction  of  intensity  can  be 
made,  based  on  only  moderately  accurate  indication  of  a  uniform  deep  bottom.  If  one  needs  to 
know  with  some  precision  the  range  interval  in  which  reflections  of  certain  orders  will  pre¬ 
dominate,  and  the  ranges  which  limit  reflections  of  lower  orders,  then  considerable  knowledge 
of  refractive  processes  is  essential.  We  will  consider  these  processes  in  the  following,  but 
present  Fig.  4  at  this  time  to  show  an  example  of  computed  and  experimental  propagation  loss 
for  bottom- reflected  sound.  Shaded  areas  are  predicted  values  and  probable  error;  points  are 
averaged  transmission  losses  for  sound  with:  one  bottom  reflection  (solid),  and  with  two  bot¬ 
tom  reflections  (open  circles)  with  probable  error  bars.  Frequency  is  1  kc/s,  and  water  depth 
is  2000  fathoms. 


Figure  4  -  Bottom-reflected  sound:  Comparison  of  USL  (AMOS) 
prediction  of  propagation  loss  and  NEL  measurements 

To  drop  consideration  of  bottom -reflected  sound  without  mention  of  some  of  the  more 
complex  bottom  properties  which  influence  propagation  would  be  misleading.  Advances  have 
been  made  in  analysis  of  sediment  structure  and  the  acoustic  Implications  (9);  some  consider¬ 
ation  has  been  given  to  the  effect  of  obstructions  such  as  seamounts,  and  of  hollows  in  the  sea 
floor  (10).  A  start  has  been  made  In  considering  forward  scattering  a  deep  mud  bottom  and  its 
relation  to  the  backscatter  (11).  Studies  such  as  these  should  eventually  lead  to  predictions  of 
higher  precision  for  these  propagation  losses.  Signal  distortion  is  a  severe  and  almost 
untouched  problem. 


REFRACTION 

Refraction  was  neglected  in  the  previous  section  because  consideration  was  given  to  only 
relatively  steep  sound  paths  in  the  ocean.  In  practically  all  other  acoustic  data  it  has  been 
found  that  refraction  plays  a  major  role.  Although  no  really  general  velocity  structure  is 
applicable  to  the  oceans  of  the  worid,  the  presence  of  a  deep-sound  channel  is  to  be  expected. 
Even  if  this  general  channel  structure  is  cut  off  by  a  relatively  shallow  bottom,  some  part  of 
the  same  basic  ray  structure  persists.  The  tendency  of  sound  energy  to  refract  downward  and 
to  cause  formation  of  shadow-xones  is  well  known,  and  In  studies  of  supersonic  transmission 
the  effect  of  negative  gradients  in  limiting  the  range  of  successive  orders  of  reflection  from  a 
shallow  source  was  Investigated  and  reported  (12).  The  thermocllne  exerts  a  similar  influence 
on  low  audio-frequency  sound,  causing  first  bottom- reflections  to  be  limited  in  temperate  sones 
to  a  range  of  perhaps  IS  miles  in  1000-fatbom  water.  As  water  depth  Increases  to  depths  In 
the  neighborhood  of  2000  fathoms,  deep-sound  channels  are  formed.  Hydrostatic  pressures 
increase  velocity  so  that  eventually  the  near-surface  velocity  Is  regained  and  exceeded. 
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Skip-distance  propagation  follows,  and  regardless  of  further  increasing  depth  there  can  be  no 
first  bottom -reflection  beyond  the  first  skip  range.  The  skip  effect  may  persist  to  ranges  of 
several  hundred  miles. 

Data  on  skip-distance  propagation  in  the  deep  ocean  are  now  plentiful,  (13,  14,  15)  and 
ray  theory  has  been  developed  so  that  adequate  knowledge  of  velocity  structure  can  be  con¬ 
verted  into  accurate  predictions  of  intensity  in  convergence  zones  formed  near  the  surface  at 
skip  range  intervals  (14,  16,  17).  Since  these  predictions  require  ray  tracing  or  digital  com¬ 
puting,  the  general  problem  of  predicting  for  many  velocity  structures,  or  for  variation  of 
vertical  structure  with  range,  is  still  tedious.  Some  progress  in  rapid  predicting  for  moderate 
ranges  is  being  gained  by  an  analog  method  (3). 

Although  these  and  other  studies  are  improving  our  knowledge  of  long-range  propagation 
and  are  pointing  out  close  relationship  between  acoustics  and  environmental  factors,  much  of 
the  detailed  information  cannot  be  condensed  into  a  form  suitable  to  this  summary.  On  the 
other  hand,  there  now  exist  enough  experimental  data  so  that  the  outstanding  features  of  skip- 
distance  propagation  can  be  described  adequately  for  many  purposes.  A  condensed  description 
might  be  as  follows: 

Zone  Spacing:  From  about  15  miles  in  "miniature"  deep  channel  structures  at  high 
latitudes  to  about  35  miles  near  the  equator. 

Minimum  Spreading  Losses:  15  to  25  db  less  than  spherical  spreading  observed  in 
short-range  intervals  of  about  1/4  mile  at  the  zones. 

Zone  Widths:  About  5  to  10%  of  the  zone  range  when  measured  within  300  feet  of  the 

surface  to  points  where  loss  is  10  db  greater  than  minimum.  In  the  case 
of  a  highly  developed  surface  channel  a  long  ''tail"  follows  the  zone,  and 
portions  of  this  tail  may  show  losses  within  10  db  of  the  minimum. 

Depth  Effect:  Zones  are  wider  by  a  factor  of  about  1.5  at  depths  500  to  1000  feet. 

Spreading  losses  usually  are  roughly  5  to  10  db  greater,  but  a  source 
and  receiver  configuration  permitting  paths  with  no ’surface  reflection 
can  compensate  this  additional  loss. 

Prohibitive  Condition:  Bottom  limiting  of  deep  sound  channel. 

Some  of  the  above  descriptive  statements  are  better  established  than  others,  and  there 
are  different  degrees  of  variability,  but  it  is  nevertheless  surprising  that  such  a  concise 
description  can  be  made.  Based  chiefly  on  Pacific  data,  these  factors  seem  to  describe  Atlan¬ 
tic  propagation  as  well  (5,  17).  An  Interesting  point  is  that  water  depth,  so  long  as  bottom  lim¬ 
iting  is  avoided,  is  relatively  unimportant.  Widening  of  zones  can  result  from  deep  bottoms, 
but  with  the  possible  exception  of  artic  regions  and  a  few  of  the  great  deeps  of  the  oceans, 
surface  ducts  would  seem  to  be  more  generally  effective  than  increased  depth. 

On  the  subject  of  reliability  of  this  type  of  propagation,  a  recent  study  has  shown  that 
interference  to  skip-distance  propagation  by  seamounts  will  be  largely  a  matter  of  ocean  area, 
but  that  the  probability  of  successful  transmission  to  the  first  zone  will  be  about  0.8  to  0.8  in 
one  of  the  poorer  areas  (18). 

Since  it  would  now  seem  that  the  major  effects  of  refraction  on  long-range  propagation 
can  be  described  in  simple  terms,  these  Ideas  can  be  combined  with  our  knowledge  of  bottom- 
reflected  sound  to  present  a  fairly  complete  picture  of  deep-water  propagation  from  near¬ 
surface  sources.  Neglecting  direct  and  surface-channeled  sound,  one  predicts  a  sound  field 
dominated  by  first  bottom-reflections  to  a  range  within  a  few  miles  of  the  first  skip- range. 

Here  the  once- reflected  sound  is  by  paths  which  are  starting  to  bend  upward,  so  that  little 
energy  Is  incident  on  the  bottom.  Consequently  the  Intensity  of  once- reflected  sound  decreases; 
and  then  with  further  Increase  of  range  there  is  A  sudden  rise  of  Intensity  as  the  skip  paths 
(without  bottom  reflection)  become  effective  and  the  ftrst-convergence  zone  Is  entered.  This 
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same  pattern  is  repeated  for  bottom  reflections  and  zones  of  higher  order.  An  example  is 
presented  in  Fig.  5,  showing  the  same  shaded  1st  and  2nd  bottom-propagation  predictions  used 
in  Fig.  4,  with  the  addition  of  shaded-zone  predictions  based  on  mean  values  of  the  descriptive 
paragraphs  of  this  section.  The  shapes  of  these  predicted  zones  reflect  the  commonly  noticed 
steep  rise  of  the  first  and  second  zones,  but  no  real  prediction  of  shape  is  intended.  To  guard 
against  any  misconception  regarding  fluctuation  and  scatter  of  data,  experimental  points  repre¬ 
senting  average  loss  in  only  400-yard  range  intervals  are  plotted  for  a  single  1  kc/sec  test(19). 
Open  circles  are  first  bottoms  and  first-convergence  zone,  solid  circles  are  second  bottoms 
and  second  zone.  Third  bottom-reflected  signals  were  below  noise  level  but  the  third  zone  is 
represented  by  open  squared  points.  Surface-channel  loss  measurements  are  represented  by 
the  dashed  line  near  zero  range,  and  it  can  be  seen  that  the  experimental  zone  measurements 
show  the  characteristic  tails  to  some  degree.  As  a  general  comment  we  can  say  that  the  pre¬ 
diction,  except  for  some  second  bottom  reflections  near  their  extreme  range,  covers  the  situ¬ 
ation  of  this  test. 


RANGE  (Nautical  Mllti  ) 

CONTI  MNTIM. 

Figure  5  -  Predicted  and  detailed  experimental  reaults  of  a  single  1-kc 
test  showing  first  bottom-reflected  and  first-zone  (0),  second  bottom- 
reflected  and  second-zone  (•),  and  third  zone  (a)  signal  losses 

Figure  6  gives  a  pictorial  representation  of  experimental  zone  structures  to  greater 
ranges.  The  upper  sketch  represents  zone  measurements  in  Hawaiian  area  3100-fathom 
water  (15)  with  a  nominal  100-foot  surface  duct.  The  dashed  line  extending  to  zone  2  indicates 
the  level  of  bottom  reflections.  These  may  be  compared  with  Interzone  levels  of  the  lower 
sketch  which  represent  unusually  strong  ’’tails''  resulting  from  a  400-foot  surface  duct.  Zones 
5  to  8  in  this  second  test  were  abnormally  low  because  of  shielding  from  a  seamount,  but  zone 
structure  was  fairly  clear  to  the  extreme  range  shown  here.  From  this  point  to  the  end  of  the 
run  at  517  miles,  zone  structure  was  poor  and  sporadic  signals,  which  had  first  appeared 
between  zones  9  and  10,  became  predominate.  The  area  for  this  test  was  off  the  coast  of  Cali¬ 
fornia  and  Northern  Mexico  (10).  Frequency  for  both  tests  was  530  cps. 

Simply  for  its  value  in  clarifying  the  effect  of  frequency  on  these  types  of  propagation, 
Fig.  7  shows  smoothed  results  of  a  single  test  run  at  both  1  and  4  kc  with  source  and  hydro¬ 
phone  at  50  feet  (19).  Measurement  was  also  made  at  2  kc  in  this  run  but  the  Intermediate 
losses  are  not  plotted  because  with  such  drastic  smoothing  no  real  additional  information 
results.  The  difference  in  loss  to  the  zones  (in  excess  of  about  8  db,  accountable  by  absorption 
difference)  can  be  associated  with  the  greater  zone  width  at  4  kc.  A  surface  duct  to  100  feet 
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Figure  6 -Gross  structure  of  zones  as  determined  in  long  range 
tests  off  Hawaiian  Islands  and  Continental  U.  S. 


Figure  7  -  Smoothed  experimental  results  for  first  bottom  reflected 
and  first  zonal  signals  at  1  and  4  kc 
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was  present  in  a  calm  sea  and  4  kc  signals  were  so  strongly  affected  that  they  remained  above 
the  bottom- reflection  level  to  about  15  miles.  This  behavior  affected  the  width  of  the  4  kc  zone. 

Figure  8  summarizes  the  results  of  76  test 
measurements  (29)  of  zones  of  order  1  to  3.  Most  of 
these  tests  were  in  deep  water  of  California  and 
Northern  Mexico.  The  slight  tendency  toward  smaller 
losses  at  1  kc  is  in  accord  with  theory  (16,  17)  which 
shows  convergence  at  caustics  Increasing  with  fre¬ 
quency  so  as  to  oppose  the  effect  of  absorption.  For 
zones  2  and  3  this  peaking  with  frequency  should 
theoretically  occur  nearer  to  500  cps.  Bars  on  the 
figure  show  standard  deviations  where  justified  by 
sampling. 

The  approach  here  has  been  one  attempting  to 
avoid  complications,  but  some  additional  points 
deserve  mention.  A  minor  confusion  seems  to  exist 
on  the  role  of  surface  reflection  in  skip-distance 
propagation.  It  is  difficult  to  foresee  a  situation  when 
it  will  not  play  an  important  part.  If  the  source  is  in 
a  surface  duct  and  frequency  is  one  strongly  affected 
by  that  duct,  then  all  of  the  skip-distance  sound  is 
surface  reflected.  The  most  intense  portions  of  the 
zones  are  usually  at  caustics  of  surface- reflected 
sound.  Nevertheless,  for  a  source  in  an  effective 
negative  gradient,  the  beam  of  sound  energy  which  is 
near  enough  to  horizontal  so  that  it  can  be  refracted 
downward  without  Incidence  on  the  surface,,  may  con¬ 
tinue  in  this  refracted  looping  path  to  extreme  ranges.  Although  the  distinction  iB  not  Important 
in  most  actual  cases  because  the  surface  is  a  good  reflector  and  present  day  experiments  sel¬ 
dom  resolve  the  two  propagation  paths,  situations  such  as  just  noted  under  the  subheading  of 
"depth  effect"  can  bring  the  distinction  into  prominence. 

As  submarines  go  deeper  there  will  be  more  Interest  in  these  niceties  of  propagation, 
and  a  difficulty  which  can  be  foreseen  is  description  of  propagation  from  the  region  of  the 
thermocline.  Some  tests  have  indicated  that  variation  of  the  thermocline  with  range  and  time 
will  cause  difficulty  in  predicting  the  entire  sound  field;  but  reciprocal  measurements  and  a 
recent  NEL  test  in  which  a  source  at  400-feet  depth  was  monitored  continuously  in  range,  have 
substantiated  the  theory  that  convergence  zones  near  the  surface  will  be  affected  to  only  a 
minor  degree. 

Actual  zone  structure  is  complex  and  the  convergence  or  concentration  of  energy  can  be 
examined  in  terms  of  ray  caustics  (16)  and  multiple  arrivals.  Experimentally,  the  signals  are 
normally  characterized  by  low  distortion  and  it  is  only  when  pulse  lengths  have  been  shortened 
to  25  milliseconds  that  any  noticeable  path  resolution  has  been  achieved  (20).  Broadband  and 
high  power  requirements  on  the  source  have  in  the  past  been  a  difficulty  in  extending  such 
measurements;  but  this  difficulty  has  been  overcome  so  that  at  least  one  adequate  source  is 
available  (21)  and  better  measurements  can  be  made. 


Figure  8  -  Mean  minimum  propagation 
losses  and  standard  deviations  for  76 
tests  covering  the  first  three  conver¬ 
gence  zones 


SURFACE  DUCTS 

Surface-duct  propagation  is  preferred  because  of  low  distortion,  but  the  losses  are  often 
extremely  variable  over  only  moderate  periods  of  time.  Some  predictions  of  the  ducts  them¬ 
selves  may  be  made  on  a  statistical  basis  (22)  and  the  predictions  of  acoustic  behavior  of  ducted 
sound  and  leakage  can  be  made  readily  from  knowledge  of  duct  structure  (2,  23,  24).  Since  all 
this  would  require  detail  beyond  the  present  scope,  Fig.  9  has  been  prepared  to  give  a  limited 
but  fairly  representative  example.  This  figure  is  in  sketch  form  so  that  a  ready  comparison 
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can  be  made  with  other  types  of  propagation.  Dashed  lines  are  duct  signals;  solid  lines  are 
first  bottoms  and  first  zone;  double  lines  are  second  bottoms  and  second  zone.  All  except  the 
first  plot  are  from  the  same  test  run,  and  the  0.5-kc  exception  (Fig.  9a)  is  from  a  run  which 
immediately  followed  (19).  Channel  depths  and  sound-velocity  gradients  showed  considerable 
variation  in  range  and  time  but  gave  averages  of  ISO  feet  and  0.008  reciprocal  seconds  over 
the  two  runs.  Sources  and  hydrophones  were  at  25-  to  50-foot  depth,  well  up  in  the  duct. 

The  sketches  show  the  increased  trapping  at  higher  frequencies,  but  this  is  not  clearly 
demonstrated  at  4  kc  because  absorption  has  become  important  even  at  these  ranges.  There  is 
also  indication  at  2  kc  of  an  interference  beat  between  the  two  modes  trapped.  This  effect  was 
demonstrated  even  more  clearly  in  another  test  (25).  The  increased  tailing  of  zones  with 
improved  duct  propagation  is  clearly  visible. 

One  must  not  yield  to  a  temptation  to  predict  surface-duct  propagation  on  the  basis  of 
this  example.  It  may  be  much  better,  as  indicated  by  Fig.  6b,  in  which  a  400  duct  was  effective, 
or  it  may  be  much  worse.  A  reasonable  prediction  will  be  obtained  only  by  consideration  of  the 
probable  duct  and  its  effect  on  the  frequency  of  interest.  A  point  of  interest  is  that  for  only 
slightly  directional  low-frequency  sources  the  presence  or  absence  of  a  surface  duct  has  only 
minor  effect  on  other  types  of  propagation.  Sound  is  emitted  from  the  base  of  the  duct  in  much 
the  same  manner  as  from  a  source  in  a  negative  gradient,  and  the  amount  of  energy  trapped  is 
usually  small  and  may  be  partially  replaced  by  energy  which  would  otherwise  take  very  steep 
angles  and  be  propagated  in  only  high-order  bottom  reflections.  This  behavior  has  been  veri¬ 
fied  in  tests  (8.  10). 


DEEP-CHANNELED  PROPAGATION 

Although  skip-distance  propagation  is  certainly  channeled,  the  usual  implication  of  the 
term  implies  a  more  uniformly  insonified  medium.  This  condition  of  uniform  insonification  is 
met  only  when  sources  are  near  the  deep  channel  axis.  This  type  of  propagation  will  be  next 
discussed. 

It  would  at  first  seem  that  the  physical  analysis  in  this  case  would  be  relatively  simple, 
but  closer  inspection  of  the  channel  structure  shows  that  such  is  not  the  case.  Search  for  a 
simple  model  leads  one  to  the  idea  of  spherical  divergence  to  some  range  comparable  with  the 
vertical  dimension  of  the  channel,  and  cylindrical  spreading  at  all  greater  ranges.  This  is 
indeed  a  useful  concept,  but  It  obviously  will  run  into  trouble  as  spreading  in  time  becomes 
effective.  In  addition  to  usual  spacial  spreading  and  absorption,  a  short  pulse  of  channeled 
sound  will  lose  energy  with  increasing  range  because  various  paths  have  different  average 
velocities,  and  even  longer  pulses  will  achieve  a  steady  state  composed  of  arrivals  of  varying 
phase.  Facilities  and  methods  are  now  fully  adequate  for  investigating  this  effect-by-ray  theory 
in  detail,  and  the  only  reason  that  computations  have  not  been  made  Is  that  operational  use  of 
deep  sources  has  not  been  attractive.  Clearly  this  difficulty  with  different  velocities  is  more 
severe  in  the  case  of  deep  sources  because  the  effective  width  of  the  vertical  beam  of  sound  is 
much  greater  than  in  the  case  of  skip  propagation  from  a  shallow  source.  The  effect  In  distort¬ 
ing  explosive  signals  Is  well  documented  (26). 

Although  we  would  prefer  a  more  complete  framework  for  data,  we  must  recognize  the 
fact  that  Us  complexity  would  prohibit  its  use  in  making  any  quick  estimates  of  losses  to  be 
expected.  For  this  purpose  the  results  of  two  unique  experiments  using  pulsed  audio-frequency 
sources  and  hydrophones  near  the  deep-channel  axis  (27)  are  useful  in  determining  limits  in  the 
range  of  parameters  which  may  be  applied  to  simple  concepts.  Following  this  approach,  we 
present  Fig.  10,  which  summarizes  test  results  and  shows  empirical  equations  applicable  to 
range  intervals  and  conditions  shown.  Consideration  of  these  test  data,  and  some  unpublished 
NEL  information  at  7.5  kc,  leads  to  the  following  conclusions: 

(a)  The  direct  measurements  are  not  precise  enough  to  determine  an  open-ocean  attenu¬ 
ation  term  different  from  the  absorption  shown  in  Fig.  1,  but  tend  to  support  the 
absorption  figures. 
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Figure  10  -  Deep-channel  losses  from  near-axis  sources  to  ship-suspended 
hydrophones  and  to  hydrophones  bottom-mounted  at  the  Pt,  Sur,  (California) 
Transmission  Experimental  Facility 

(b)  Cylindrical  spreading  describes  the  data  in  the  range  interval  20  to  200  nautical 
miles  lor  pulselengths  0.5  to  5  seconds. 

(c)  In  a  range  from  about  200  to  500  miles  these  same  pulselengths  show  attenuation 
much  greater  than  absorption  when  a  wide-angle  beam  Is  accepted  by  ship-suspended 
hydrophones,  but  only  attenuation  moderately  greater  than  absorption  when  sound 
paths  are  restricted  by  bottom  mounting  to  those  near  the  axis. 

(d)  Spherical  spreading  fits  the  data  adequately  to  about  a  5- mile  range. 

(e)  In  the  deep  channel  off  California,  channeled  propagation  with  no  shadowing  is  encoun¬ 
tered  at  about  700-feet  depth. 

Items  (b)  and  (d)  indicate  that  choice  of  a  particular  range  as  a  transition  point  from 
spherical  to  cylindrical  spreading  is  somewhat  artificial,  but  the  equations  show  that  it  may 
be  effectively  set  at  about  15  miles.  This  is  7.5  times  the  channel  depth  dimension,  and  hence 
somewhat  greater  than  might  be  expected. 

Since  reporting,  a  rather  striking  similarity  has  been  noted  between  Curve  3  of  Fig.  10 
and  results  of  a  similar  experiment  made  under  ice  fields  of  the  Beaufort  Sea  (28).  The 
surface-bounded  channel  in  the  Beaufort  Sea  was  similar  to  the  below-axis  portion  of  the  deep 
sound  channel  encountered  in  the  earlier  test,  but  it  is  surprising  to  find  that  reflection  from 
the  water-ice  interface  of  the  Beaufort  Sea  gave  rise  to  almost  exactly  the  same  propagation 
of  loss  that  was  encountered  in  the  normal  deep  channel  at  30°  north  latitude. 

Returning  finally  to  our  objective  of  predicting  sound  fields,  we  now  see  that  for  usual 
deep-channeled  sound,  and  for  that  in  surface-bounded  deep  channels  as  well,  a  simple  but 
useful  method  is  assumption  of  spherical  spreading  loss  to  about  15  miles  and  cylindrical 
spreading  to  about  200  miles.  To  these  must  be  added  absorption  from  Fig.  I  and  some  addi¬ 
tional  losses  if  either  greater  ranges  or  signal  pulses  of  order  less  than  1  second  are  contem¬ 
plated.  The  sum  ol  all  of  these,  of  course,  should  be  a  smaller  loss  than  any  encountered  by 
bottom  reflections,  but  the  bottom  reflections  arriving  at  nearly  the  same  time  in  the  10  to  20- 
mile  range  interval  may  be  at  comparable  level  at  low  frequencies  and  may  result  in  interfer¬ 
ence  effects. 
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SUMMARY  AND  CONCLUSIONS 

In  conclusion,  it  would  seem  to  be  more  important  to  emphasize  limits  on  the  value  of 
what  has  been  presented  than  to  create  any  false  impression  that  all  propagation  is  readily 
predictable.  One  such  limit  is  range.  Although  some  illustrative  data  run  to  much  greater 
ranges,  most  of  the  long-range  experimental  work  has  been  to  ranges  of  only  50  or  100  miles. 

A  related  limitation  is  imposed  by  changes  of  velocity  structure  with  range,  a  problem  that  has 
been  ignored  here.  A  third  troublesome  factor  is  the  predictability  of  the  directional  charac¬ 
teristics  of  sources  when  placed  within  a  few  wavelengths  of  an  imperfectly  reflecting  surface. 
Reflection  coefficients  as  now  stated  for  both  surface  and  bottom  have  usually  not  been  checked 
for  more  than  a  few  orders  of  reflection.  All  these  and  other  factors  must  be  considered  in 
predictions,  and  there  is  no  intent  here  to  disparage  the  careful  work  necessary  to  improvement 
of  our  understanding  of  physics  of  sound  in  the  sea.  Perhaps  the  chief  value  of  this  summary  is 
that  it  may  provide  useful  hints  of  the  situations  in  which  some  factors  may  be  ignored. 
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SO  FAR  PROPAGATION 

M.  J.  Sheehy 

L\  S.  Niw  Electronics  Laboratory 


INTRODUCTION 

This  chapter  will  deal  briefly  and  qualitatively  with  the  propagation  of  acoustic  signals 
from  explosive  charges  deep  in  the  ocean  to  bottom- mounted  hydrophones.  Specific  topics 
discussed  will  be  the  nature  of  an  underwater  explosion,  the  qualitative  effects  of  sound  veloc¬ 
ity  structure  and  bottom  topography  on  signal  shape,  and  the  idea  of  the  transmission  loss  of 
such  signals.  Since  most  of  the  experimental  work  in  this  field  was  directed  toward  the  devel¬ 
opment  of  a  Sofar  network,  some  details  of  this  application  will  also  be  given. 

Historically,  the  first  experiments  known  to  the  writer  on  the  propagation  of  sound  from 
a  deep  explosive  source  to  a  similarly  located  receiver  were  carried  out  In  1933  and  1935  by 
the  U.  S.  Coast  and  Geodetic  Survey.  *  One- half-pound  charges  of  TNT  were  used,  and  although 
no  attempt  was  made  to  achieve  long  ranges,  the  signals  were  readily  detected  at  a  distance  of 
56  kilometers.  The  experimenters  mentioned  that  theoretical  considerations  indicated  much 
greater  ranges  might  be  obtained. 

In  1937,  Maurice  Ewing  interpreted  some  of  his  results  during  geological  survey  work  In 
the  deep  ocean  as  indicating  that  signals  from  small  explosive  charges  deep  in  the  ocean  could 
be  detected  at  ranges  of  thousands  of  miles.  During  World  War  II,  Ewing  proposed  to  the 
Bureau  of  Ships  that  practical  use  be  made  of  this  long-range  propagation,  and  he  and  his 
coworkers  later  showed  that  it  would  indeed  be  feasible  to  use  this  phenomenon  for  locating 
persons  in  distress  at  sea. 


NATURE  OF  THE  SOURCE 

Since  there  is  considerable  literature  on  the  nature  of  underwater  explosions,  the  subject 
will  not  be  treated  in  any  detail  here.  It  may  be  of  Interest  to  give  a  brief  account  of  the 
sequence  of  events  in  an  underwater  explosion,  however,  before  going  on  to  the  propagation  of 
such  signals.  Reference  14  is  particularly  recommended  to  those  seeking  a  complete  treat¬ 
ment  of  underwater  explosion  phenomena. 

Once  an  explosion  is  initiated  the  intense  heat  and  pressure  developed  at  the  detonation 
point  within  the  material  sets  up  the  reaction  in  adjacent  material.  This  reaction  is  propagated 
iiiiOugii  the  materia  I  by  means  of  a  "detonation  wave"  which  travels  through  a  high  explosive 
such  as  TNT  with  a  speed  of  several  thousand  meters  per  second. 


N'o**:  Paper  received  Jaruary 

•See  Refs.  1  9 ,  5G,  51.  To  document  this  chapter  properly  would  require  repeated  references  to 
mar.y  reports .  Rather  than  do  this,  the  author  has  chosen  to  list  a  fairly  complete  bibliography 
at  the  end,  and  to  acknowledge  here  his  extensive  use  of  Refs.  14,  15,  and  48  in  writing  this 

chapter. 
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The  first  cause  of  disturbance  to  the  surrounding  water  is  the  arrival  of  this  detonation 
wave  at  the  boundary  between  the  material  and  the  water.  This  initiates  an  intense  pressure 
wave  in  the  water  called  the  shock  wave.  For  the  case  of  a  high  explosive,  the  pressure  rise  at 
the  leading  edge  of  the  shock  wave  can  be  considered  discontinuous,  followed  by  a  roughly  expo¬ 
nential  decay  of  at  most  a  few  milliseconds  duration  for  charges  of  ordinary  size. 

An  approximate  value  for  the  peak  pressure  in  the  shock  wave  for  an  explosion  of  THT 
can  be  obtained  from  the  empirical  expression 

(ml  3  \  1 .  1 3 
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where  (  is  the  charge  weight  in  pounds  and  R  is  the  distance  from  the  charge  in  feet.  Naturally 
this  expression  does  not  hold  for  large  values  of  R  where  absorption,  refraction,  etc.,  have  to 
be  considered.  Other  expressions  for  Pa  exist  in  the  literature,  and  in  general  yield  peak  pres¬ 
sures  in  the  neighborhood  of  those  of  the  above  formula. 

The  energy  in  the  shock  wave  decreases  rapidly  near  the  charge  as  the  wave  progresses 
outward,  approximately  50%  being  dissipated  within  a  distance  of  25  charge  radii.  Theoretical 
consideration  result  in  an  estimated  1060  cal/gm  for  the  total  energy  of  explosion  for  TNT; 

53%  of  this,  or  562  cal/gm  at  1  charge  radius,  represents  the  total  energy  radiated  by  the 
shock  wave. 

The  rapid  dissipation  of  energy  near  an  explosive  charge  represents  a  wastage  of  avail¬ 
able  energy  to  heat,  and  occurs  at  the  steep  gradient  of  the  shock  front.  The  fact  that  one- 
quarter  of  the  total  energy  of  explosion  is  lost  In  the  near  fteld  of  the  charge  Illustrates  what 
has  been  referred  to  as  the  inefficiency  of  the  shock  wave  for  the  transmission  of  energy. 

The  initial  high  pressure  in  the  gas  bubble  which  results  from  the  detonation  process  is 
considerably  decreased  when  the  shock  wave  has  been  emitted,  but  is  still  higher  than  the  equi¬ 
librium  hydrostatic  plus  atmospheric  pressure.  The  gas  bubble  accordingly  expands  rapidly 
and,  because  of  the  inertia  of  the  outward  flowing  water,  the  expansion  continues  beyond  the 
point  at  which  the  sum  of  the  hydrostatic  and  atmospheric  pressure  is  the  same  as  the  gas 
pressure  in  the  bubble.  This  pressure  difference  ultimately  halts  the  expansion  and  the  bubble 
begins  to  contract.  The  contraction  continues  until  the  compressibility  of  the  gas  in  the  bubble 
checks  the  inward  flow  of  water.  Thus  the  inertia  of  the  water  plus  the  elastic  properties  of 
the  gas  and  water  provide  the  conditions  for  an  oscillating  system,  and  the  bubble  undergoes 
repeated  expansion  and  contraction.  This  motion  results  in  the  emission  of  pressure  pulses 
which  are  of  maximum  amplitude  at  times  corresponding  to  minimum  bubble  volume.  These 
are  referred  to  as  bubble  pulses.  The  peak  pressure  of  the  first  bubble  pulse  is  only  10-20% 
of  that  of  the  shock  wave,  but  the  duration  of  the  pulse  is  much  greater. 

A  considerable  amount  of  the  energy  still  present  is  lost  at  the  time  of  each  pulse,  and, 
as  a  result,  only  the  first  one  or  two  pulses  are  usually  of  practical  significance.  Less  than 
10%  of  the  total  energy  of  explosion  is  left  in  the  bubble  after  the  second  contraction. 

For  a  TNT  explosion  the  period  between  the  shock  wave  and  the  peak  of  the  first  bubble 
pulse  is  given  approximately  by 


T 


4.35 

(d  ♦  33)}/6' 


second* 


where  d  is  the  depth  of  the  charge  in  feet  and  w  the  charge  weight  in  pounds.  Periods  between 
successive  bubble  pulses  become  progressively  shorter. 

Thus,  very  briefly,  an  underwater  explosion  puts  acoustic  energy  into  the  medium  in  the 
form  of  a  shock  wave  having  a  high  peak  pressure,  a  virtually  discontinuous  pressure  rise  at 
the  leading  edge  and  a  roughly  exponential  decay,  followed  by  a  series  of  pressure  pulses  of 
much  smaller  amplitude  and  of  progressively  decreasing  amplitude  and  period. 
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As  an  example,  the  peak  pressure  in  the  shock  wave  and  the  period  between  it  and  the 
first  bubble  pulse  for  an  explosion  of  four  pounds  of  TNT  at  a  depth  of  2000  feet  are,  respec¬ 
tively,  177,6  db  re  1  j  bar  at  1  yd  and  0.012  sec,  based  on  the  expressions  given  above. 


EFFECT  OF  SOUND  VELOCITY  STRUCTURE  ON  PROPAGATION 

A  pronounced  thermocline  in  which  the  temperature  decreases  with  depth  down  to  depths 
of  a  few  thousand  feet  exists  in  most  areas  of  the  deep  ocean.  This  feature,  coupled  with  the 
increase  of  hydrostatic  pressure  with  depth,  produces  a  sound  velocity  profile  which  decreases 
to  a  minimum  value  and  then  increases  with  increasing  depth  (Fig.  1).  Sound  rays  in  the  deep 
ocean  will  be  refracted  toward  this  region  of  minimum  velocity  in  accordance  with  Snell’s  law. 


Figure  1  -  Sound-velocity  profile 
in  middle  latitudes 


We  shall  be  concerned  here  with  the  propagation  of  signals  originating  at  or  near  the  level 
of  minimum  sound  velocity.  Ray  paths  from  such  a  source  position  are  shown  in  Fig.  2  together 
with  a  schematic  representation  of  the  sound -velocity  profile.  For  the  case  shown,  all  sound 
rays  departing  within  *11.3  degrees  of  the  horizontal  travel  via  completely- refracted  paths; 
they  are  not  reflected  from  either  the  surface  or  the  bottom  of  the  ocean.  Energy  traveling  by 
such  paths  does  not  suffer  losses  at  the  boundaries  of  the  medium,  and  Is  said  to  be  channels. 

As  shown  In  Fig.  2,  the  ray  of  this  type  which  becomes  horizontal  at  the  depth  of  maximum 
velocity  is  called  the  limiting  ray.  The  angle  this  ray  makes  with  the  horizontal  at  the  minimum- 
velocity  depth  is  the  limiting- ray  angle  and  is  a  measure  of  the  strength  of  the  sound  channel; 
the  greater  this  angle,  the  more  energy  travels  via  completely- refracted  paths.  The  case  illus¬ 
trated  by  Fig.  2  Is  that  of  a  strong,  well-defined  sound  channel  such  as  generally  exists  in  low- 
and  mtdiatitude  waters. 

When  the  relationship  between  thevelocity  profile  and  the  ocean  depth  Is  as  shown  on  this 
figure,  there  are  also  some  rays  which  are  reflected  from  the  surface  but  not  from  the  bottom. 
(These  are  not  shown  on  the  figure.)  Since  the  ocean  surface  may  be  considered  a  near-perfect 
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Figure  2  -  Ray  paths  for  sound-channel  transmission 

reflector  for  low-frequency  sound,  energy  traveling  such  paths  may,  for  practical  purposes, 
also  be  considered  channeled.  Such  ray  paths  do  not  exist  unless  the  ocean  depth  is  greater 
than  the  depth  at  which  the  sound  velocity  again  reaches  its  maximum  near-surface  value. 

The  dashed  ray  path  in  Fig.  2  is  representative  of  those  which  are  reflected  from  both 
the  surface  and  the  bottom.  Energy  traveling  such  paths  will  suffer  losses  depending  upon  the 
sound  frequency,  the  angle  of  incidence  on  the  bottom,  and  the  acoustic  properties  of  the  bot¬ 
tom.  Although  these  losses  are  generally  considered  negligible  at  angles  of  incidence  greater 
than  the  critical  angle,  this  angle  may  be  quite  large,  or  even  nonexistent,  for  some  bottom 
types. 


Energy  from  a  deep  source  may  thus  be  propagated  by  many  paths,  some  Involving  large 
departures  from  the  sound-channel  axis  and  some  small.  The  energy  travels  along  the 
various  sound  rays  with  different  mean  horizontal  velocities,  and  is  thus  spread  out  In  time 
during  propagation.  A  typical  relationship  between  the  mean  horizontal  sound  velocity  per 

refraction  cycle  for  the  completely- 
refracted  rays  and  the  angle  at  which  the 
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F.gure  3  -  Raytravel  velocity  versus  axial  angle 
:or  a  Pacific  oceanographic  station 


ray  path  crosses  the  sound-  channel  axis 
is  shown  on  Fig.  3  lor  the  case  of  a 
strong  sound  channel. 

At  long  ranges  under  these  conditions 
the  first  Bound  to  arrive  has  traveled  the 
longest  actual  path  and  has  also  made  the 
fewest  axial  crossings;  the  next  sound  has 
traveled  a  slightly  shorter  path  involving 
one  more  axial  crossing,  etc.  When  both 
source  and  receiver  are  on  the  sound- 
channel  axis,  the  final  sound  to  arrive  is 
that  which  has  traveled  along  the  axis. 

The  time  separation  between  sub¬ 
sequent  arrivals  becomes  shorter  and 
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shorter,  and  since  most  of  the  energy  also  travels  by  the  low-angle  paths,  the  received  signal 
builds  up  in  intensity  until  the  final  signal  component  arrives,  at  which  time  the  signal  abruptly 
ceases. 

A  typical  long-range  signal  in  the  North  Pacific  under  conditions  of  a  well-defined  sound 
channel  is  illustrated  by  the  longer- range  ones  shown  in  Fig.  4.  The  presentation  here,  and  in 
similar  figures  in  this  chapter,  is  that  of  power  level  versus  range.  The  signal  was  received 
by  a  hydrophone  located  on  the  continental  slope  at  approximately  the  depth  of  minimum  veloc¬ 
ity,  was  brought  to  shore  through  several  miles  of  cable,  amplified,  passed  through  a  500-cps 
lowpass  filter,  rectified,  logarithmically  compressed,  and  then  recorded  in  the  form  shown. 

When  the  sound-channel  structure  and  bottom  topography  along  the  travel  path  remain 
reasonably  constant,  or  are  known  in  sufficient  detail,  the  total  signal  duration  can  be  computed 
on  the  basis  of  individual  ray  travel  times  and  agrees  well  with  experimental  measurements. 

In  midlatitude  regions  of  the  North  Pacific  the  maximum  signal  duration  rate  is  about  4  seconds 
for  every  1000  nautical  miles  of  travel.  In  the  Atlantic,  duration  rates  of  12  seconds  per  i000 
miles  have  been  obtained.  When  such  conditions  are  known,  the  signal  duration  can  be  used  as 
a  rough  measure  of  the  range  of  propagation,  provided,  of  course,  background  noise  conditions 
permit  a  reasonably  accurate  measurement  of  the  total  signal  duration.  An  example  of  the 
change  in  signal  duration  and  appearance  with  range  along  essentially  the  same  bearing  and 
under  conditions  of  a  strong  sound  channel  Is  shown  on  Fig.  4.  It  will  be  noted  that,  as  the 
range  increases,  the  signal  peak  shifts  to  the  right  and  the  buildup  increases  in  duration. 

The  depth  of  the  sound-channel  axis  and  the  limiting-ray  angle  vary  with  location.  In  the 
North  Pacific,  for  example,  the  surface  waters  In  high  latitudes  are  cold,  and  thus  the  velocity 
difference  between  the  surface  and  the  axis  is  small.  This  velocity  difference  increases  with 
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and  a  stronger  channel  develops,  some  rays  which  were  originally  surface- reflected  can  now 
travel  by  completely  refracted  paths.  Also,  since  bottom- reflection  losses  are  generally  small 
for  low  frequencies  at  below  grazing  incidence,  energy  which  has  been  reflected  only  a  few 
times  from  the  bottom  may  travel  completely  refracted  paths  as  the  channel  develops.  Thus 
more  energy  will  be  propagated  than  would  have  been  the  case  had  the  channel  not  become  more 
clearly  defined. 

The  reverse  situation  exists,  of  course,  for  transmission  along  a  path  on  which  the  chan¬ 
nel  becomes  weaker.  Energy  which  initially  traveled  by  refracted  paths  only  now  suffers 
increasingly  from  bottom  reflections,  and  less  energy  is  propagated  than  would  have  been  the 
case  had  the  channel  not  weakened. 

If  no  sound  channel  exists  in  deep  water,  a  condition  prevailing  In  very  high  northern 
latitudes  in  which  the  cold  surface  waters  often  result  in  a  continuous  increase  of  sound  veloc¬ 
ity  with  depth,  all  the  ray  paths  are  refracted  upward  and  reflected  from  the  ocean  surface.  If 
the  ocean  depth  is  great  enough,  a  considerable  amount  of  sound  energy  may  travel  via  non¬ 
bottom-reflected  paths  to  long ‘ranges  because  of  the  near- perfect  reflection  at  the  surface. 
Very  little  energy  will  be  propagated,  however,  by  ray  paths  involving  numerous  reflections 
from  the  bottom  at  angles  of  incidence  less  than  the  critical  angle. 

Sound-velocity  conditions  near  the  sound-channel  axis,  in  mid-latitude  waters  at  least, 
seem  to  show  remarkably  little  time  variation.  Signals  from  bombs  detonated  semi-monthly 
over  a  period  of  16  months  offshore  of  Kaneohe  Bay  were  analyzed  to  determine  the  variation 
in  total  travel  time  between  the  Hawaiian  area  and  the  West  Coast.  The  standard  deviation  of 
the  travel  times  was  only  2.7  seconds,  and  it  was  believed  that  this  variation  was  caused  pri¬ 
marily  by  small  differences  in  location  of  the  bomb  drops.  There  was  no  evidence  of  any 
change  in  the  speed  of  sound  transmission  along  the  channel  axis  over  this  long  a  time. 


EFFECT  OF  BOTTOM  TOPOGRAPHY  ON  PROPAGATION 

The  effect  of  the  bottom  along  the  path,  and  also  at  the  receiver,  must  be  considered. 
Since  energy  traveling  via  bottom-reflected  paths  will  be  lost  after  a  few  reflections  unless 
they  occur  below  grazing  incidence,  long-range  signals  necessarily  contain  only  the  energy 
that  has  traveled  by  these  and  by  non-bottom-reflected  paths.  As  the  ocean  depth  decreases, 
more  of  the  energy  traveling  by  high-angle  paths  is  absorbed  by  the  bottom.  Since  the  sound 
traveling  by  these  paths  makes  up  the  front  part  of  the  signal,  the  received  signal  will  be  of 
sharper  buildup  and  shorter  duration.  The  peak  amplitude  of  a  long-range  signal,  however, 
when  both  source  and  receiver  are  on  the  axis  of  a  strong  sound  channel,  will  not  be  markedly 
affected  by  small  changes  In  ocean  depth,  since  the  signal  peak  under  these  conditions  results 
from  the  energy  that  has  traveled  by  low-angle  paths  near  the  channel  axis. 

An  obstacle,  such  as  a  seamount,  rising  above  the  surrounding  ocean  floor  can  intercept 
those  rays  which  reach  depths  greater  than  the  summit  of  the  obstacle.  This  means,  again, 
that  the  large-angle  rays  at  the  source  are  the  ones  most  likely  to  be  intercepted,  and  thus  we 
would  expect  a  seamount  to  alter  the  shape  of  the  received  signal  by  removing,  or  at  least 
attenuating,  the  early  portion  of  It.  The  higher  the  Beamount,  the  greater  will  be  the  amount  of 
energy  removed  from  the  front  part  of  the  signal.  It  is  not  likely  that  diffraction  of  that  sound 
which  passes  close  to  the  sides  of  the  seamount  without  obstruction  will  replace  that  inter¬ 
cepted,  since  the  amount  of  energy  carried  by  these  high-angle  paths  Is  low. 

Many  of  the  bombs  used  In  Sofar  tests  in  the  Pacific  were  dropped  at  locations  where  the 
propagation  path  to  one  of  the  stations  was  over  a  known  seamount.  Figure  6  shows  some  sig¬ 
nals  recorded  under  these  conditions  compared  to  those  recorded  under  normal  conditions  at 
comparable  ranges.  It  will  be  noted  that  the  effect  on  the  top  three  signals  has  been  that  pre¬ 
dicted;  a  portion  of  the  leading  edge  is  missing  on  those  which  have  passed  over  seamounts 
enroute  to  the  receiver,  but  the  peak  amplitude  has  not  been  significantly  affected.  These  sig¬ 
nals  were  propagated  through  midlatitude  waters  where  a  strong  sound  channel  exists. 
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The  fourth  example  on  the  figure  is  the  signal  from  a  bomb  detonated  in  northern  waters 
and  off  the  sound-channel  axis.  The  signal  is  therefore  made  up  primarily  of  energy  traveling 
via  high-angle  paths,  and  thus  it  is  not  surprising  that  the  effect  of  the  seamount  has  been  to 
attenuate  the  entire  signal  rather  than  Just  the  front  part.  Incidentally,  the  shape  of  these  two 
signals  is  typical  of  those  propagated  through  northern  waters  or  from  a  source  considerably 
off  the  channel  axis. 

Bottom  topography  near  the  receiver  is  also  of  Importance  to  signal  shape  and  duration, 
and  thus  to  the  total  energy  of  the  signal.  As  the  bearings  from  the  receiver  to  the  source 
position  approach  the  arc-of-reccptlon  limits  at  a  station,  the  duration  rate  decreases  rapidly.* 
This  is  illustrated  in  Figs.  7  and  8  In  which  are  shown  the  average  signal  duration  rates  at  the 
West  Coast  stations  as  a  function  of  bearing  from  each  station.  In  each  case,  although  not 
shown  here,  the  maximum  duration  rate  is  closely  associated  with  the  maximum  rate  of  bottom 
slope. 

•The  arc  of  reception  at  a  station  is  the  ocean  sector  from  which  signals  can  be  received.  Out¬ 
side  of  this  area  long-range  signals  cannot  be  received,  and  even  short-  and  moderate -range 
signals  are  markedly  attenuated.  The  duration  rate  is  the  rate  at  which  the  signal  builds  up  to 
it'  maximum  amplitude  as  the  range  is  increased  along  a  given  bearing. 
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Figure  7  -  Polar  diagram  of  signal  duration  rate  at  Point  Arena  Figure  8  -  Polar  diagram  of  signal  duration  rate  at  Point  Sur 
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As  the  bearing  changes  so  as  to  require  energy  to  reach  the  hydrophone  via  a  slantwise 
traverse  up  the  continental  slope,  the  duration  rate  decreases.  Under  these  conditions,  most  of 
the  sound  energy  reaches  the  hydrophone  after  repeated  reflections  from  the  continental  slope. 
Energy  traveling  by  high-angle  paths  suffers  more  from  such  reflections  than  that  traveling  by 
low-angle  paths;  consequently  the  front  portion  of  the  signal  again  is  the  first  to  be  affected. 
Thus,  the  signal  is  shortened  and  the  duration  rate  decreases.  Finally,  the  arc-of-reception 
limits  at  the  station  are  reached  as  the  bearing  becomes  nearly  parallel  to  the  continental 
slope,  or  until  gross  features  of  the  bottom  topography  seaward  of  the  Blope  cut  off  the  signal. 
In  the  former  case,  signal  energy  fails  to  reach  the  hydrophone  for  two  reasons,  (1)  bottom 
losses  associated  with  repeated  reflections  from  the  bottom  at  decreasing  angles  of  Incidence, 
and  (2)  at  each  such  reflection  occurring  slantwise  up  the  slope  the  ray  path  is  reflected  out  of 
its  present  perpendicular  plane  into  one  directed  slightly  more  seaward.  A  sufficient  number 
of  such  reflections,  depending  upon  the  original  ray  direction,  the  first  angle  of  incidence  on 
the  bottom,  and  the  bottom  slope,  can  divert  the  energy  traveling  by  such  paths  away  from  the 
hydrophone  location. 


TRANSMISSION  LOSS 

In  determining  the  divergence  factor  in  transmission  loss,  it  seems  clear  that  we  are 
dealing  with  cylindrical  spreading.  Certainly^  at  ranges  of  Interest  to  us  in  this  type  of  propa¬ 
gation,  virtually  the  only  sound  energy  propagated  will  be  that  which  has  traveled  by  completely 
refracted  paths.  Thus  both  the  peak  sound  pressure  of  the  signal  and  the  total  sound  energy 
passing  through  a  vertical  section  of  unit  width  through  the  sound  channel  should  vary  as  the 
inverse  first  power  of  the  horizontal  range. 

It  might  seem  that  long-range  propagation  experiments  of  this  type  could  yield  values  for 
the  attenuation  of  low-frequency^sound  in  sea  water.  Unfortunately,  this  has  not  been  the  case. 
There  are  three  limiting  factors:  (1)  the  extent  to  which  environmental  conditions  must  be 
known  over  very  long  travel  paths  before  an  individual  experiment  can  be  analyzed  properly; 

(2)  the  length  of  time  required  to  conduct  a  propagation  experiment  out  to  ranges  of  a  few 
thousand  miles,  during  which  some  of  the  environmental  conditions  may  change  and  certainly 
equipment  responses  will  vary;  and  (3)  the  very  small  magnitude  of  the  quantity  to  be  measured. 

At  long  ranges,  say  more  than  several  hundred  mileB,  virtually  all  of  the  sound  energy 
received  from  a  4-pound  charge  of  TNT  lies  below  200  cycles  per  second.  8ince  the  theoretical 
value  for  the  absorption  of  sound  in  sea  water  at  100  cycles  per  second  is  of  the  order  of  0.1  db 
per  1000  nautical  miles,  it  is  clear  that  remarkable  experimental  control  would  have  to  be  exer¬ 
cised  to  measure  the  attenuation  of  sound  in  the  sea  at  this  frequency,  even  though  it  may  be 
more  than  an  order  of  magnitude  higher  than  the  absorption.  Over  the  Interval  of  time  required 
for  a  propagation  run,  changes  In  environmental  conditions  and  equipment  responses  might  eas¬ 
ily  overshadow  the  factor  being  measured. 

A  lower  limit  to  the  transmission  loss,  however,  can  be  based  on  cylindrical  spreading 
and  the  theoretical  values  of  the  absorption  of  sound  In  sea  water.  As  a  further  refinement, 
some  presently  unpublished  data  at  NEL,  obtained  from  a  different  type  of  experiment,  indicate 
a  value  of  approximately  1.5  db  per  1000  nautical  miles  for  the  attenuation  of  100-cps  sound  in 
the  sea. 

As  a  final  remark,  whenever  transmission  losses  associated  with  long-range,  deep-sound 
channel  propagation  are  discussed,  the  term  must  be  defined  rather  carefully.  In  other  types 
of  underwater-sound-propagation  experiments,  ranges  are  limited  to  a  few  hundred  miles  at 
most,  and  in  many  cases  a  single-frequency  source  emitting  pings  of  Beveral  cycles  duration 
is  used.  In  these  experiments  the  signal  Is  not  markedly  spread  out  in  time,  and  transmission 
losses  can  be  based  on  average  or  peak  sound  levels  at  the  signal  frequency. 
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For  explosions  however,  what  starts  as  a  signal  of  very  short  duration  and  broad  fre¬ 
quency  spectrum  is  spread  out  in  time  many  hundredfold  and  is  materially  altered  in  frequency 
content.  The  frequency  bandwidth  with  which  the  transmission  losses  are  associated  -  whether 
the  losses  are  based  on  total  signal  energy  considerations,  on  peak  or  average  sound  pressures, 
or  on  the  energy  carried  by  certain  ray  groups  -  must  be  specified. 


THE  SOFAR  APPLICATION 

A  Sofar  network  has  the  purpose  of  furnishing  information  on  the  location  of  anyone  in 
distress  at  sea,  and  is  thus  intended  to  be  an  important  part  of  an  air-sea  rescue  system. 

Ships  and  aircraft  operating  in  areas  covered  by  Sofar  networks  would  be  equipped  with  bombs 
containing  four  pounds  of  TNT  and  having  a  suitable  fuze  mechanism.  Whenever  a  distress 
situation  arose,  one  of  these  bombs,  set  for  detonation  at  the  sound-channel  axis,  would  be 
dropped  into  the  sea.  The  sound  produced  by  the  explosion  would  be  received  at  the  shore 
stations,  and  the  location  of  the  explosion  determined  by  triangulation  procedures  based  upon 
differences  in  times  of  reception  at  the  stations. 

At  the  present  time  there,  is  no  Sofar  network,  although  individual  stations  still  exist. 

The  Navy  Electronics  Laboratory  completed  the  installation  of  three  stations  forming  the 
Northeast  Pacific  Sofar  Network  in  September  1948,  and  the  network  subsequently  underwent 
an  engineering  evaluation  by  NEL  and  an  operational  evaluation  by  the  Commandant,  Twelfth 
Naval  District.  These  evaluations  showed  that  the  network  performed  its  function  satisfacto¬ 
rily,  but  it  was  considered  too  expensive  to  operate  during  peace  time.  The  three  stations, 
located  at  Point  Arena  and  Point  Sur,  on  the  coast  of  California,  and  at  Kaneohe  Bay,  Oahu, 
still  exist  but  are  not  manned. 

At  each  station  a' group  of  crystal  hydrophones  is  mounted  in  a  stainless  steel  cage  in  the 
form  of  a  regular  tetrahedron  situated  on  the  ocean  floor  at  a  depth  of  approximately  2000  feet, 
i.e.,  near  the  depth  of  minimum  sound  velocity  in  the  Pacific.  The  hydrophones  are  connected 
to  the  shore  equipment  by  means  of  several  miles  of  Navy  Type  115P  submarine  cable.  At  the 
shore  end  of  the  cable  the  incoming  signals  are  amplified,  filtered,  rectified,  logarithmically 
compressed,  and  then  recorded  as  power  levels  on  a  large  sheet  of  paper  fastened  to  a  revolv¬ 
ing  drum.  The  signals  are  also  routed  to  a  loudspeaker  system  for  aural  monitoring,  and  a 
timing  trace  is  recorded  adjacent  to  the  signal  trace  so  that  signal  arrival  timeB  can  be  accu¬ 
rately  determined.  This  timing  trace  is  calibrated  dally  against  official  radio  time  signals  so 
that  all  stations  are  synchronized. 

The  area  covered  by  the  Northeast  Pacific  Sofar  Network  is  shown  in  Fig.  9.  It  has  been 
demonstrated  that  within  this  area  more  than  99%  of  the  bombs  detonated  are  received  at  all 
stations,  and  that  the  location  of  the  sources  can  therefore  be  determined. 

The  detonation  depth  was  not  found  to  be  a  critical  factor.  Although  the  sound-channel 
axis  is  at  a  depth  of  approximately  2000  feet  in  much  of  this  area,  signals  originating  as  shal¬ 
low  as  900  feet  and  as  deep  as  4000  feet  had  peak  intensities  at  the  stations  only  a  few  decibels 
lower  than  the  signals  detonated  near  the  axis. 

With  the  three  stations  located  as  they  are  the  accuracy  of  signal- source  location  varies 
somewhat  within  the  network.  In  the  southeasterly  portion  the  accuracy  is  of  the  order  of  10  to 
20  miles  because  of  the  poor  triangulation  baseline  offered  by  the  location  of  the  West  Coast 
stations.  Partly  for  the  same  reason,  the  accuracy  in  the  far  northern  region  Is  somewhat 
worse,  ranging  from  20  to  100  miles.  An  additional  reason  for  the  larger  error  in  these 
regions,  however,  is  that  the  signals  do  not  have  the  usual  sharp  cutoff  typical  of  long-range 
signals,  and  the  time  of  arrival  is  therefore  more  difficult  to  determine.  As  mentioned  earlier, 
the  lowest  signals  on  Fig.  6  are  typical  of  those  from  high  latitudes. 
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In  the  midlatitude  region  between  the  West  Coast  and  the  Hawaiian  Islands  the  accuracy 
is  good,  of  the  order  of  3  miles.  This  is  considered  to  be  a  good  measure  of  the  inherent 
accuracy  of  the  Sofar  network,  and  is  believed  to  be  comparable  to  any  other  present  long- 
range  navigational  technique. 

A  four-pound  charge  of  TNT  was  shown  to  be  entirely  adequate  to  insure  reception  of 
signals  originating  within  the  network,  and  the  Mark  22  Underwater  Sound  Signal  was  accord¬ 
ingly  developed  by  the  Bureau  of  Ordnance  specifically  for  Sofar  applications. 

The  maximum  range  at  which  these  four-pound  signals  can  be  detected  has  not  been 
established.  They  have  been  detonated  offshore  of  Japan  and  received  at  Point  Sur,  4340 
nautical  miles  distant,  15  to  20  db  above  background  noise. 
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INTRODUCTION 

Only  In  the  last  two  or  three  years  has  low-frequency  sound  in  shallow  water  received  as 
much  attention  as  other  transmission  problems.  Therefore  this  part  of  the  Survey  can  summa¬ 
rize  only  the  ideas,  rather  than  the  numbers  and  formulas  which  allow  a  qualitative  interpre¬ 
tation  of  the  observations.  A  few  numbers  will  be  offered,  tentatively;  these  have  not  been 
tested  in  enough  cases  to  warrant  empirical  assurance,  nor  are  they  yet  based  on  solid  physical 
explanation.  The  situation  should  improve  greatly  in  the  next  few  years. 

We  shall  be  concerned  here  with  values  of  H/x,  the  ratio  of  water  depth  to  acoustic  wave¬ 
length,  from  roughly  0.25  to  10  or  20.  The  acoustic  frequencies  vary  from  a  few  cycles  per 
sec  to  1  or  2  kc,  and  X  from  several  hundred  feet  to  a  few  feet.  Chief  operational  interest  in 
the  lower  W/\  range  is  concerned  with  acoustic  mines;  in  the  middle  and  higher  range,  passive 
and  active  detection  of  submarines  is  paramount.  H  runs  from  30  ft  (minimum  navigable  water) 
to  some  600  ft  at  the  edge  of  the  continental  shelves. 

In  this  domain  of  H/x,  sources— though  not  necessarily  receivers— are  largely  nondirec- 
tional.  Surface  waves  or  bottom  irregularities  are  not  large  compared  with  X.  Moreover, 
spatial  variations  in  sound  speed  are  often  of  minor  importance,  though  probably  not  negligible. 

In  the  past  15  years,  a  few  cases  of  short-range  transmission  (1)  and  the  mathematical 
fundamentals  (2)  (method  of  normal  modes)  have  been  studied  carefully.  Understanding  of 
longer-range  transmission  was  possibly  hindered  by  attempts  to  find  simple  numbers  for 
propagation  laws  and  transmission  anomalies  (3),  in  analogy  with  high-frequency  practice. 

In  the  last  three  years  much  more  work  has  been  done,  particularly  with  very-long-range 
transmission.  Complete  answers  are  still  Beyond  our  reach,  but  the  following  statements  are 
believed  to  be  at  least  qualitatively  correct. 


NORMAL- MODE  THEORY 

The  wave  theory  of  acoustics  is  correct  in  all  circumstances,  even  though  the  ray  approx¬ 
imation  Is  often  preferable.  In  much  of  the  range  of  H/x  specified  above,  wave  treatment  is 
necessary  for  full  description;  for  transmission  in  a  region  bounded  by  water  surface  and  bot¬ 
tom,  this  treatment  takes  the  form  of  the  method  of  normal  modes,  which  in  application  to 
underwater  sound  is  described  in  several  references  (1,  2,  4,  5).  The  essence  of  this  method 
is  that  sound  of  a  given  frequency  may  travel  through  the  shallow  water  simultaneously  by  one 


Note:  Paper  received  December  1954,  revised  August  1955 

•See  also  reference  20  for  another  summary  of  this  subject  by  the  same  author. 


SECRET 


93 


94 


SHALLOW-WATER  TRANSMISSION 


SECRET 


or  more  distinct  modes,  which  are  roughly  analogous  to  the  various  paths  of  travel  known  in 
ray  analysis.  In  ideally  simple  cases,  each  mode  signal  travels  with  cylindrical  spreading 
(3-db  loss  in  level  per  distance  doubled),  and  each  with  a  distinct  phase  velocity.  The  multiple 
reflections  at  the  water  surface  and  the  bottom  are  beyond  the  critical  angle  and  so  ideally 
involve  no  loss  of  energy.  (There  are  complications  near  the  source,  as  will  be  seen.)  These 
modes  can  be  numbered:  n*  1,  2.  ...  N.  The  mode  number  n  must  be  distinguished  from  the 
number  of  allowed  modes,  n.  If  without  other  changes  the  water  is  made  ever  shallower,  the 
reflections  mentioned  just  above  begin  to  fall  within  the  critical  angle.  The  highest  numbered 
mode  (N)  is  "cut  off,"  he.,  can  no  longer  be  transmitted,  then  (F-l),  etc.,  until  finally  even  mode 
number  1  is  cut  off.  In  this  last  case,  practically  all  the  acoustic  output  is  lost  into  the  bottom 
near  the  source.  Exact  formulas  exist  to  describe  cut-off  terms  of  h/\,  the  speeds  of  sound  in 
water  and  in  the  bottom,  and  the  two  densities  of  water  and  bottom.  For  the  usual  ocean  con¬ 
ditions,  no  mode  can  exist  if 

H A  <  O.S.  (1) 

The  total  number  n  of  modes  escaping  cut-off  (and  so  available  to  propagate  sound)  is  given 
roughly  by 


N  a  H/X.  (2) 

If  the  speed  of  sound  is  less  in  the  bottom  than  in  water,  no  undamped  modes  are  possible 
and  only  short-range  transmission  exists.  In  the  opposite,  and  probably  much  more  common 
situation,  where  the  speed  of  sound  in  the  bottom  exceeds  that  in  the  water,  the  phase  speed  for 
each  mode  lies  between  these  two  limiting  speeds,  which  characteristically  differ  by  no  more 
than  20  or  30  percent  (except  in  the  rare  case  of  a  solid- rock  bottom). 

The  amount  of  sound  power  put  into  each  mode  by  a  given  source  depends  on  the  mode 
number  (n),  the  source  depth,  the  water  depth  fH),  and  the  acoustic  wavelength  (X).  An  analogy 
exists  in  the  excitation  of  various  overtones  In  a  plucked  string.  Likewise,  the  level  detected 
by  a  hydrophone  depends  on  Its  vertical  location,  as  would  be  true  if  a  vibration  pickup  were 
moved  along  a  vibrating  string. 

When  mode  propagation  exists,  a  definite  part  of  the  sound  wave  is  transmitted  in  the 
upper  bottom,  where  it  just  keeps  pace  with  the  "water  wave." 

The  mathematical  theory  of  normal-mode  transmission  furnishes  exact,  though  not 
always  simple,  formulas  for  all  the  phenomena  just  summarized.  However,  any  real  body  of 
water  is  far  more  complicated  than  the  ideal  realm  of  this  theory,  and  so  attempts  at  precise 
calculation  are  hopelessly  lengthy,  unjustified,  or  even  misleading. 

The  theory  is  incomplete  in  another  way;  it  assumes  nondlssipative  transmission  if  modes 
are  possible  at  all.  Empirically,  a  considerable  attenuation  is  found;  e.g.,  a  db  or  two  per  mile 
at  150  cps  in  100-ft  depths.  True  acoustic  absorption  in  the  water  is  negligible  by  comparison— 
e.g.,  a  db  per  hundred  miles  at  1  kc,  and  much  less  at  100  cps.  The  physical  cause  of  the 
observed  attenuation  must  therefore  lie  in  the  water  surface  (i.e.,  its  roughness),  or  in  the 
bottom,  or  both.  At  least  three  causes  can  be  imagined:  (1)  scattering  by  surface  or  bottom 
roughness,  with  consequent  loss  of  power  into  the  bottom  from  the  allowed  modes;  (2)  conversion 
of  longitudinal  sound  waves  into  shear  modes  in  the  bottom,  with  consequent  dissipation; 

(3)  absorption  in  the  bottom  material  (where,  it  will  be  recalled,  a  part  of  the  sound  must 
always  travel).  Theoretical  analyses  indicate  that  in  each  of  these  three  cases  the  attenuation 
coefficient  increases  for  shallower  water  or  for  greater  wavelengths  (lower  frequencies),  and 
also  increases  rapidly  with  the  mode  number,  n. 

This  outline  of  the  normal-mode  method  is  necessary,  because  it  seems  reasonably  sure 
now  that  the  practical  characteristics  of  low-frequency  sound  in  shallow  water  cannot  be  under¬ 
stood  without  appeal  to  thte  theory  or  an  equivalent  one,  with  modifications  to  take  account  of 
departures  from  ideal  surfaces  and  to  include  attenuation.  On  the  other  hand,  quantitative 
agreement  between  theory  and  experiment  cannot  be  claimed  at  present;  moreover,  the  physical 
meaning  of  the  observed  attenuation  is  undetermined. 
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SHORT-RANGE  PROPAGATION 

The  typical  problem  in  "near-field"  or  short-range  propagation,  associated  with  acoustic 
mines,  is  to  predict  the  sound  field  at  a  bottomed  receiver  when  a  source  relatively  near  the 
surface  is  towed  nearby. 

At  horizontal  ranges  comparable  with  the  water  depth,  the  sound  field  is  much  like  that 
of  a  simple  dipole  formed  by  the  combination  of  the  source  and  its  mirror  image  in  the  water 
surface.  The  acoustic  level  falls  off  as  inverse  square  (6  db  per  distance  doubled)  within  a 
very  few  yards  of  the  source,  but  soon  goes  over  into  a  much  more  rapid  dipole  law,  12  db  per 
horizontal  distance  doubled.  If  the  speed  of  sound  in  the  bottom  is  less  than  that  in  the  water 
(perhaps  not  unusual  with  low  frequencies  and  muddy  bottoms),  or  if  HA  is  too  small  to  allow 
any  normal  mode  to  be  set  up,  this  fall-off  may  continue  until  the  acoustic  level  is  negligible, 
still  at  short  range;  almost  all  the  sound  has  been  lost  into  the  bottom.  (But  see  later  com¬ 
ments  about  layered  bottoms. ) 

If  one  or  more  normal  modes  are  possible  in  the  water,  this  very-short-range  dipole 
field  probably  'merges  into  a  zone  extending  to  horizontal  ranges  of  several  water  depths, 
where  the  fall-off  is  more  nearly  6  db  per  horizontal  distance  doubled.  At  greater  ranges, 
cylindrical  spreading  (3  db  per  distance  doubled)  prevails  for  the  average  sound  level;  the 
attenuation  mentioned  tn  the  previous  section  becomes  Important  only  after  several  miles. 

When  more  than  one  mode  Is  allowed  (HA  i  2),  another  complication  enters  tn  the  form 
of  mode  Interaction.  The  several  modes  travel  at  different  speeds  and  so  at  ranges  more  than 
a  few  water  depths  they  get  successively  in  and  out  of  phase  with  each  other.  The  correspond¬ 
ing  constructive  and  destructive  interferences  produce  great  "swings"  in  the  sound  level.  For 
example,  given  two  modes  with  equal  sound  power  in  each,  the  total  level  theoretically  swings 
from  6  db  above  that  of  either  mode  to  -00  db  below.  Many  observations  show  measured 
swings  of  15  to  20  db. 

The  spacing  i  r  of  successive  minima  (or  maxima)  in  this  simple  case  is  given  roughly  by 

f  *  8HJf/(3c>,  (3) 

where  f  is  the  frequency  and  c  is  the  speed  of  sound  in  the  water. 

When  there  are  more  than  two  modes,  the  swings  become  less  regular  but  about  as  large 
and  sometimes  more  abrupt.  For  example,  a  change  of  15  db  with  20  yds  change  of  range  may 
be  possible.  An  enlightening  summary  (possibly  too  pessimistic  in  tone)  of  these  various  com¬ 
plexities  can  be  found  in  Kef.  6. 

These  swings  are  most  marked  with  single-frequency  sounds.  Broadband  reception  is 
much  more  regular— although  not  perfectly  so— because  a  point  of  destructive  interference  for 
some  frequencies  is  likely  to  be  one  of  constructive  interference  for  other  components. 


TRANSMISSION  OVER  LAYERED  BOTTOM 

The  ocean  bottom  always  has  a  layered  structure.  When  the  upper  layers  are  neither 
very  thin  or  very  thick  compared  with  x,  normal  modes  can  exist  in  the  bottom,  whether  or  not 
the  water  depth  allows  modes  to  propagate.  Examples  of  the  resulting  transmission  have  been 
studied  oy  the  Hudson  Laboratories  (7);  in  this  case  the  water  was  so  shallow  that  all  modes 
were  cut  off,  yet  modes  existed  in  two  deep  sedimentary  bottom  layers,  and  sound  was  propa¬ 
gated  to  a  distance  of  at  least  several  miles,  with  evidence  of  normal- mode  interaction. 

If  the  uppermost  layer  is  relatively  thin,  and  not  too  different  from  water  in  its  value  of 
sound  speed,  it  acts  roughly  as  an  extension  of  the  water  in  depth.  An  example  is  found  at  one 
of  the  acoustic  ranges  at  H.  M.  Underwater  Detection  Establishment  (Portland,  England)  where 
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the  layered  structure  is  known  to  be  complicated.  The  true  water  depth  is  12  fathoms,  but 
better  agreement  with  simple  mode  theory  is  achieved  by  pretending  the  depth  is  about  14 
fathoms. 

On  the  basis  of  trials  at  a  number  of  sites  in  the  United  Kingdom,  Dr.  Flint  of  H.  M. 
Underwater  Countermeasures  Weapons  Establishment  offers  a  simple  rule  for  ranges  out  to 
several  hundred  yards  in  water  of  harbor  depth  (8).  Transmission  falls  into  three  categories: 
(a)  The  water  depth  is  much  too  small  to  allow  any  mode;  then,  regardless  of  layering,  propa¬ 
gation  follows  roughly  a  dipole  law.  (b)  The  water  depth  easily  allows  one  mode,  at  least;  the 
dipole  law  merges  into  cylindrical  spreading,  possibly  with  mode  interactions,  (c)  The  inter¬ 
mediate  situation  exists;  then  bottom  layers,  minor  changes  of  depth,  etc.,  become  important, 
and  simple  answers  are  impossible. 

Much  more  work  must  be  done  in  this  field.  Recent  "Inshore  Survey"  acoustic  data  pub¬ 
lished  by  the  Hydrographic  Office  (9)  should  be  helpful,  once  Information  about  the  bottom 
structure  is  added. 


OPTIMUM  FREQUENCIES  FOR  TRANSMISSION 

Or.  Tolstoy  of  the  Hudson  Laboratories  has  showed  theoretically  that  for  any  one  trans¬ 
mitted  mode  in  shallow  water  there  will  be  an  optimum  frequency  for  transmission  (10).  It  is 
near  the  frequency  at  which  the  group  velocity  (velocity  of  a  pulse)  is  minimum,  and  so  rather 
low,  e  g-,  »  or  30  cycles  for  the  first  mode.  Hudson  Laboratories'  reports  confirm  this  pre¬ 
diction  experimentally  (11). 

When  several  modes  are  possible,  there  will  be  several  individual  optimum  frequencies, 
increasing  with  the  mode  number.  Moreover,  at  ranges  which  make  attenuation  appreciable 
there  will  be  a  shifting  of  the  "average"  optimum  frequency  to  higher  values  (or  conceivably 
a  blurring  of  the  effect).  It  is  noteworthy  that  Woods  Hole  Oceanographic  Institution,  in  trials 
of  active  submarine  detection  in  shallow  water,  has  observed  a  tendency  for  best  transmission 
at  a  few  hundred  cycles.  A  similar  tendency  exists  in  some  of  the  long-range  transmission 
data  to  be  summarized  below. 

These  effects  may  be  useful  or  important  in  various  ways,  and  a  better  understanding  of 
them  is  necessary. 


MEDIUM-  AND  LONG-RANGE  TRANSMISSION 

Transmission  to  medium  and  long  ranges  is  of  particular  interest  in  the  passive  detection 
of  submarines.  A  reasonable  amount  of  data  exists  but  at  scattered  localities,  and  it  is  not  as 
complete  as  might  be  desired.  Besides  material  summarised  (3)  after  World  War  H,  some 
recent  measurements  can  be  mentioned.  The  Admiralty  Research  Laboratory  (12)  has  made 
propagation  runs  at  several  sites  near  the  British  Isles,  with  maximum  ranges  of  from  36  to 
125  miles.  The  bottom  was  usually  sand  or  shell  and  the  water  depths  100  to  350  ft.  Explosive 
charges  were  used  as  sources  and  the  recorded  results  were  the  total  energies  of  arrival  in 
octave  bands.  la  later  runs  these  octaves  extended  from  25  to  50  cycles  up  to  several  kilo 
cycles. 

The  Bell  Telephone  Laboratories  have  made  several  trials  at  various  sites  off  the  east 
coast  of  North  America.  Shots  were  used  in  some  cases  and  a  98-cycle  projector  in  others. 
Many  different  water  depths  are  represented.  Maximum  ranges  are  from  20  to  about  60  miles 
(the  latter  only  with  shots).  The  data  have  been  so  far  processed  only  roughly,  for  survey 
purposes. 

The  Underwater  Sound  Laboratory  at  New  London  has  recently  published  (13)  the  results 
of  several  runs  off  the  northeastern  United  States.  An  underwater  siren  of  fundamental  113 
cycles  was  the  source;  reception  was  in  roughly  one-third-octave  bands,  widely  spaced. 
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Ranges  achieved  before  noise  limitation  were  usually  no  more  than  20  to  30  miles.  Both  mud 
and  sand  bottoms  were  sought,  and  quite  different  BT  conditions  were  included. 

Other  data  exist,  and  more  will  soon  be  forthcoming,  but  the  preceding  will  serve  as 
examples. 


A  method  of  analysis  which  has  moderate  empirical  success  has  been  mentioned  in 
several  reports  (14,  15,  16).  It  is  based  on  normal-mode  analysis,  with  approximate  methods 
of  evaluation.  (In  view  of  the  inaccuracies  in  experimental  work  and  in  our  knowledge  of  the 
bottom  structure,  rather  drastic  approximations  are  justifiable.)  Except  at  short  ranges, 
normal-mode  interactions  are  unimportant  for  wide  bands  received  from  a  shot.  At  longer 
ranges  the  received  signal  is  governed  by  three  factors:  (a)  cylindrical  spreading  (3  db  per 
distance  doubled),  (b)  variations  in  water  depth  along  the  path,  (c)  the  attenuation  mentioned 
in  the  discussion  of  Normal-Mode  Theory  above. 

In  view  of  factor  (a),  it  is  desirable  to  plot  the  intensity  I  or  level  L  of  the  received  signal 
after  correction  for  cylindrical  spreading,  i.e.,  to  plot  ri  or  L  ♦  10  log  r,  with  r  the  range. 

Factor  (b),  changes  in  water  depth,  affects  propagation  in  several  ways.  First,  it  causes 
minor  deviations  from  cylindrical  spreading,  owing  to  tunneling  or  spreading  of  the  sound. 
Second,  it  determines  the  number  of  modes  allowed.  Third,  the  depth  H  enters  into  the  stimu¬ 
lation  functions  mentioned  under  Normal-Mode  Theory  above.  Finally,  as  was  also  mentioned, 
the  water  depth  appears  to  affect  strongly  factor  (c),  the  attenuation. 


It  was  stated  earlier  that  this  attenuation  appears  to  vary  with  mode  number.  From 
examination  of  data  over  sandy  or  pebbly  bottoms  at  three  different  sites,  with  frequencies 
from  25  to  a  few  hundred  cycles,  and  in  water  depths  from  100  to  about  400  ft,  the  following 
formula  seems  to  give  representative  values  for  the  attenuation  an  of  the  n-th  mode: 


an  sts 


107  nH1-* 

„s.s 


(4) 


where  :  is  in  db  per  nautical  mile  and  both  the  wavelength  '  and  the  depth  h  are  in  feet.  The 
proportionality  constant  apparently  does  not  differ  by  more  than  a  factor  of  2  to  4  from  one  site 
to  another. 


As  a  numerical  example,  at  a  frequency  of  100  cycles  in  water  of  depth  150  feet,  Eq.  (4) 
yields  a  value  of  1.25  db/mlle  for  the  first  mode  (some  three  modes  would  exist  in  these  cir¬ 
cumstances).  It  is  clear  that  such  an  attenuation  is  important  at  ranges  of  tens  of  miles,  and 
moreover  that  modes  higher  than  the  first  are  likely  to  be  completely  damped  out  at  such 
ranges.  On  the  other  hand,  doubling  the  depth  would  decrease  this  attenuation  over  forty-fold, 
to  a  negligible  value. 

Preliminary  analysis  of  the  Underwater  Sound  Laboratory's  data  (13)  over  a  mud  bottom 
shows  qualitatively  similar  results.  Since  there  was  a  marked  thermocline  in  the  cases  ana¬ 
lyzed,  and  since  receivers  both  above  and  below  this  thermocline  were  used,  it  was  possible 
to  test  the  general  effects  of  such  inhomogeneity  in  the  water.  The  results  are  inconclusive 
at  present. 

The  qualitative  success,  outlined  above,  in  explaining  shailow-water  low-frequency  propa¬ 
gation  is  encouraging  but  far  from  satisfying.  For  example,  despite  its  empirical  validity 
Eq.  (4)  is  dimensionally  wrong  and  at  present  Incapable  of  physical  explanation;  the  extremely 
rapid  variation  of  with  depth  is  hard  to  believe.  Moreover,  each  new  case  requires  lengthy 
analysis;  neither  wide  experience  nor  physical  understanding  has  yet  pointed  out  simple  gen¬ 
eralizations  with  even  semiquantitative  validity. 

For  comparison  with  the  empirical  Eq.  (4)  a  combination  of  ray  and  wave  analysis  sug¬ 
gests  the  following  formulas  for  in  in  the  three  separate  cases  of  attenuation  listed  earlier. 
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Scattering:  a„  n3  Xh/H-3  (5) 

Shear  loss:  in  *  n3  x3  n3  (6) 

Absorption  of  longitudinal  waves  in  bottom:  *n  (n2  \3/hj)  ab.  (7) 


In  Eq.  (5),  h  is  a  representative  dimension  of  the  surface  or  bottom  roughness.  In  Eq.  (7),  otb 
is  the  ordinary  absorption  coefficient  of  the  bottom  material,  presumably  a  function  of  fre¬ 
quency  (or  wavelength). 

Equation  (7)  and  the  omitted  proportionality  constant  have  been  derived  (17)  from  wave 
theory  as  well  as  in  the  approximate  manner  used  for  Eqs.  (5)  and  (6),  a  fact  which  strengthens 
confidence  in  the  latter  formulas.  In  two  or  three  instances,  the  dependence  of  an  on  the 
inverse  cube  of  H  has  been  substantiated  by  RAG  analysis  of  BTL  propagation  data.  The  more 
sensitive  dependence  on  H  indicated  in  the  empirical  Eq.  (4)  may  be  quite  unreal.  That  is,  the 
abnormally  high  attenuations  in  shallow  water  which  seemed  to  demand  so  high  a  power  of  H 
may  instead  have  been  due  to  local  variations  in  the  bottom  material. 

The  wavelength  dependence  of  an  in  Eq.  (4)  does  not  agree  particularly  well  with  any  of 
the  equations  (5)-(7),  except  in  the  sense  of  increasing  with  increasing  X.  A  British  experiment 
in  the  North  Sea  suggests  that  <*„  is  given  by 

«n  ■»  n3  faX  ♦  b/X),  (8) 

a  and  b  being  constants  of  such  size  that  nn  is  a  minimum  about  150  to  200  cycles  (the  depth 
was  constant,  so  that  no  information  was  gained  about  dependence  on  H). 

At  least  in  the  higher  values  of  H/x  postulated  at  the  start  of  this  article,  ray  methods 
have  had  considerable  success.  Since  some  of  these  results  will  appear  elsewhere  in  this 
volume,  only  two  examples  will  be  mentioned  here.  First,  USNUSL  has  used  on  its  own  data 
(13)  a  method  based  in  part  on  ray  theory  and  in  part  on  empirical  formulas  derived  from  much 
analysis  of  propagation  in  deep-water  surface  Channels  (18).  Good  agreement  with  experiment 
is  found  at  least  down  to  a  few  hundred  cycles. 

Teer  and  Daintith  of  HMUDE  have  recently  used  ray  theory  on  some  of  the  British  data 
mentioned  above  (19).  They  take  account  of  source  and  receiver  depths  and  water  depth  varia¬ 
tions,  and  allow  for  losses  at  each  reflection  ol  the  rays  from  the  bottom.  Agreement  with 
experiment  is  good  at  800  cycles  and  above,  but  grows  rapidly  poorer  at  lower  frequencies.  It 
is  at  these  lower  frequencies  that  the  normal- mode  attack  has  enjoyed  some  success. 

In  conclusion,  several  qualitative  "predictions"  are  given  in  Fig.  1  in  the  form  of  graphs 
showing  signal  level  corrected  for  cylindrical  spreading  vs.  range,  for  several  water  depth 
characteristics. 
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Constant  depth,  only  one  mode 
allowed;  constant  attenuation  at 
single  frequency. 


Constant  depth  -  several  mode s . 
Higher  modes  damped  out  in  earlier 
part  of  path  -  thereafter  curve s 
approach  those  of  above  figure. 


Several  modes  ;  depth  increases  uni¬ 
formly  from  receiver  to  source. 
Great  attenuation  in  shallow  water 
near  receiver.  The  higher  modes 
generated  at  the  source  are  cut  off 
on  reaching  shallower  water. 


Several  modes,  H  decreases  uni¬ 
formly  from  receiver  to  source. 
Greater  attenuation  in  shallow  water 
near  source,  partly  offset  by 
“funneLing"  effect. 


RANGE  (LINEAR) 


Figure  1  -  Typical  propagation  curves,  after  correction  for  cylin¬ 
drical  spreading,  that  can  result  from  various  water  depths  and 
mode  attenuations 
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INTERMEDIATE  AND  HIGH-FREQUENCY  ACOUSTIC 
TRANSMISSION  IN  SHALLOW  WATER 

K.  V.  Mackenzie 

U.  S.  Navy  Electronics  Laboratory 


INTRODUCTION 

The  range  of  frequencies  discussed  will  be  from  about  200  cps  to  56  kc.  The  lower  fre¬ 
quencies  overlap  the  upper  portion  of  the  range  discussed  in  the  preceding  chapter  (A.  O. 
Williams).  Sound  at  56  kc  and  above  can  be  considered  as  spreading  spherically  and  is  essen¬ 
tially  limited  to  short  ranges  because  of  the  attenuation  in  the  sea  water.  The  depths  will  be 
restricted  to  those  greater  than  five  wavelengths  (5 x ),  with  a  minimum  of  15  fathoms  and  a 
maximum  of  about  100  fathoms. 

Because  several  modes  are  involved,  any  wave-theory  solution  is  very  sensitive  to  the 
existing  physical  environment.  The  preceding  chapter  discussed  the  data  in  terms  of  normal- 
mode  solutions.  This  paper  will  emphasize  the  ray-analysis  approach.  The  physical  environ¬ 
ment  with  realistic  bottom  losses  and  varying  velocity  profiles  over  the  transmission  path 
appears  to  be  much  too  indeterminate  to  permit  accurate  prediction  of  transmission  losses. 
However,  since  many  sound  paths  are  Involved  and  the  disturbing  influences  tend  to  randomize 
the  phases  of  these,  average  propagation  loss  vs  range  curves  can  be  obtained.  The  fluctuation 
about  these  average  curves  may  be  attributed  to  the  interaction  of  the  several  modes. 

It  has  been  demonstrated  that,  because  of  the  always  present  fluctuation,  it  is  impossible 
to  state  empirically  the  best  spreading  law  with  any  confidence  (1).  Fortunately,  there  is  a 
considerable  body  of  experimental  data  from  25-fathom  water,  a  very  common  depth,  out  to 
ranges  of  about  40  miles.  Very  likely  active  echo  ranging  at  frequencies  above  200  cps  will 
not  be  practical  much  beyond  this  range.  Possibly  active  and  passive  detection  will  be  restric¬ 
ted  to  ranges  less  than  double  40  miles  because  it  becomes  more  practical  to  use  electrical 
cable  transmission  in  place  of  shallow-water  acoustic  transmission  for  greater  ranges. 

Theoretical  curves  have  been  developed  that  agree  quite  well  with  the  existing  data  (2-5), 
but  differ  on  predicted  extrapolations.  However,  these  differences  are  not  of  great  practical 
importance  In  the  range  of  extrapolations  required. 


BOTTOM  REFLECTION  LOSSES 

The  several  transmission  theories  all  require  an  estimation  of  the  bottom  losses  which 
are  the  most  Important  factor  in  shallow-water  transmission  at  low  and  intermediate  frequen¬ 
cies.  This  section  will  discuss  the  acoustic-energy  loss  for  a  single  reflection.  For  frequen¬ 
cies  above  200  cps  the  deeper  sediments  probably  have  little  influence.  The  simplifying 
assumption  of  a  flat,  fluid  bottom  appears  to  describe  the  losses  adequately. 

Note:  Paper  received  January  JV'jh 

Information  in  the.  chapter  may  hi'  considered  (o.nfideiiti,,!  encept  where  individual  paragraphs 
or  figure  t i t J e *»  are-  /narked  Set  ret. 
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If  we  consider  the  bottom  fluid  as  dissipationless,  then  we  have  Lord  Rayleigh's  clas¬ 
sical  formula 


pq  -  Vi  -  (p2  -  i)  cot2  <p  5 

pq  +  PI  -  (p2  -  1)  Cot2  4> 

where  r  is  the  ratio  of  reflected  to  incident  energy. 

sound  velocity  in  bottom 
P  sound  velocity  in  water  e 

density  of  bottom  Pj 

q  >  -  =  — 

density  of  water  0 
4  »  grazing  angle  of  incidence. 

The  following  remarks  follow  from  Eq.  (1).  When  p  >  1  there  is  a  critical  angle 

0C  *  COS"  1  (jj) 

where  the  radical  becomes  imaginary  and  the  loss  becomes  and  remains  zero  for  <t  <  <pc.  The 
phase  angle  hi  between  the  incident  and  reflected  sound  in  this  region  is 

-  .  .i  ^fp2  -  i)  cot2  4  -  i  m 

Vi  a  2  tan  1  - — - . 

When  pq  =  Vi  -  (p2  -  i)  cot 2  (p,  the  reflection  loss  is  infinite,  giving  an  angle  of  intromission 


tan" 1 


/  1  -  P2 

X  (pq)2  -  1 


(4) 


where  all  of  the  sound  enters  the  bottom.  This  angle  exists  as  pointed  out  by  Lord  Rayleigh 
whenever  q  >  l/p  >  l  or  q  <  1/p  <  1. 

When  p  >  l  and  pq  >  l,  the  reflection  takes  place  with  no  change  in  phase  for  <t>  >  <PC.  If 
p  >  l  and  pq  <  1,  an  intromission  angle  as  well  as  a  critical  angle  exist.  The  reflection  takes 
place  with  no  change  in  phase  for  <t>c  <  <t  <  <£,  but  with  a  reversal  in  phase  for  <p  »  <pl. 

When  p  <  1  and  pq  >  l,  the  intromission  angle  exists  and  the  reflection  takes  place  with 
a  reversal  in  phase  for  0  i.  <t>  <  but  with  no  change  in  phase  for  tp  >  4^.  When  p  <  l  and 
pq  '  l  no  intromission  angle  exists  and  the  reflection  takes  place  with  a  reversal  in  phase  for 
all  angles. 

When  p  -  l,  there  is  no  angle  dependence  and  the  loss  *  20  log  l(q  -  l)/(q  +  1)1  - 
20  log  l r p,  -  p)/(p,  *  p)i  where  o,  is  the  density  of  the  bottom  and  n  is  the  density  of  the 
water.  There  is  no  reversal  in  phase  on  reflection  if  q  <  1. 

A  typical  example  for  fluid  "red  clay"  is  shown  in  Fig,  1,  The  solid  curve  gives  the  loss 
per  reflection  vs  grazing  angle  when  p  <  l .  The  loss  rises  from  normal  incidence  as  <p 
decreases  until  it  becomes  infinite  at  9.49°,  the  angle  of  Intromission,  and  then  decreases  to 
zero.  The  dashed  curve  was  computed  for  p  ■  l  and  corresponds  to  the  more  usual  case.  The 
critical  angle  is  at  7.22°.  There  is  not  much  difference  in  the  two  curves  between  30°  and  90° 
and,  in  fact,  a  loss  of  -20  log  uVl  -  , .)/(,, t  •  i  )i  -  18.7  db  is  a  fair  approximation  to  either 
over  this  range  of  angles. 
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However,  for  long-range,  shallow- water 
transmission  the  losses  at  small  grazing  angles 
must  be  considered.  For  the  solid  curve  of  Fig. 
1,  the  reflection  takes  place  with  a  reversal  of 
phase  for  o  <  <p  <  The  loss  varies  with  <t>  as 
shown.  For  the  dashed  curves  the  reflection  is 
perfect  for  c  <  *c  but  the  phase  changes  with  * 
according  to  Eq.  (3). 

When  the  bottom  fluid  is  not  dissipationless 
but  attenuates  the  sound,  it  is  necessary  to  use  a 
complex  velocity forthebottom fluid.  This  modi¬ 
fication  to  Lord  Rayleigh's  equation  was  developed 
by  R.  W.  Morse  (7,  8)  and  is 

[T  -  pq  sin  <t>] 2  *  S2 

,[T  *  pq  sin  *1  2  +  S2  ^ 


where 

T2  *  l  (  VX  -  B1)  and  S2  =  i  (  VT  *  B) 

when 

B  =  p2  cos2*  -  1  ♦  (Hf) 


and 


a  =  B2 


4 


The  attenuation  a  =  0.1151P  where  P  is  the  at¬ 
tenuation  in  db/ft,  e,  is  in  ft/sec  and  f  is  incps. 


Figure  1  -  Loss'  per  reflection  in  db 

vs  gracing  angle  calculated  with  Lord 
Rayleigh's  equation 


Available  theory  (7,  9)  predicts  that  the  attenuation  should  vary  as  the  square  root  of  the 
frequency.  Measurements  have  been  made  with  innundated  30-mesh  sand  which  verify  this 
dependence  from  55  to  365  kc  (10).  These  results  are  summarized  by 


i 

fl  -  ( 0.  79  *  0. 09)  (fkc)2  db/ft. 


(6)* 


This  equation  is  consistent  with  values  reported  for  sand  by  other  investigators  at  500 
kc  (11)  and  near  30  kc  (12).  The  velocities  and  attenuation  have  been  recently  measured  and 
reported  for  a  number  of  bottom  sediments  (12,  13).  These  values  were  used  (5)  with  Eq.  (5) 
to  compute  the  reflection  loss  vs  the  grazing  angle  for  silt  and  for  fine  sand.  The  computed 
curves  for  silt  are  shown  in  Fig.  2.  Here  values  of  p  -  1.02,  c,  -  4896  ft/sec,  n  ■  1.64,  and 
p  *  1.5  db/ft  at  30  kc  were  used.  The  solid  curve  is  ior  a  dissipationless  bottom.  The  other 
curves  were  computed  from  Eq.  (5)  with  an  attenuation  extrapolated  as  f1/2  from  30  kc.  The 
value  at  200  cps  was  0.12  db/ft.  It  can  be  seen  that  even  a  small  attenuation  can  have  a  most 
serious  effect  on  the  loss  at  small  grazing  angles.  The  loss  curves  are  frequency  dependent 
because  the  imaginary  part  of  the  complex  velocity  1b  ac,/2nf  and  if  «  varies  as  f'^2  then  the 
imaginary  part  varies  inversely  as  f1/2. 


♦In  Eq-  (6)  f  is  in  kilocyc  les  for  convenience  in  computing. 


SECRET 


104 


SHALLOW -WATER  TRANSMISSION 


SECRET 


£3 


cl _ 1  --  J _ L _ I _ I _ I _ I _ I _ J 

0  to*  20*  SO*  40*  50*  60*  70*  80*  90* 

GRAZING  ANGLE  ? 


Figure  2  -  Ratio  of  reflected  to  incident  energies  vs  grazing  angle 
for  silt  for  Rayleigh's  equation  with  and  without  attenuation  in  the 
silt  estimated  to  be  typical  for  Area  IV  of  the  Chukchi  Sea 


The  curves  computed  for  a  fine  sand  are  shown  in  Fig.  3.  Here  p  =  1.33,  *  5540  ft/ 

sec,  q  *  2.00,  and  p  *  4.34  db/ft  at  30  kc,  or,  extrapolating  f 1/J,  p  ■  0.35  db/ft  at  200  cps. 
This  figure  shows  the  difference  between  0.2-kc  and  1-ke  loss  more  clearly  than  Fig.  2.  A 
further  curve  was  added  because  computed  transmission  curves,  to  be  discussed  later,  when 
compared  to  actual  transmission  curves  indicate  that  the  extrapolation  of  p  should  be  as  the 
first  power  of  the  frequency.  This  is  shown  as  the  modified  curve.  (With  this  extrapolation 
the  attenuation  per  wavelength  is  constant.)  The  value  of  p  used  was  0.03  db/ft  at  200  cps. 
For  small  angles  less  than  0.1  radians,  the  ratio  for  sand- modified  can  be  expressed  as  r  • 

1  -  0. 726tf,  where  <t  is  in  radians. 


GRAZING  ANGLE  0 

Figure  3  -  Ratio  of  reflected  to  imident  energies  vs  grazing  angle 
for  fine  sand  for  Rayleigh's  equation  with  and  without  attenuation 
in  the  sand  estimated  to  be  typical  for  the  Bering  Sea.  The  mod¬ 
ified  curve  is  for  attenuation  extrapolated  as  the  first  power  of 
the  frequency. 
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Another  equation  for  reflection  from  a  plane,  locally- reacting  impedance  surface  used 
during  the  war  (14)  was 


C  sin  tp  -  1  2 
r  i  sin  <t  *  1 


(7) 


where,  in  general,  '  was  a  complex  number  given  by  C  *  S  ♦  in  -  V pc,  in  which  Z  is  the  specific 
acoustic  impedance  of  the  bottom,  assumed  to  be  independent  of  the  angle  of  incidence.  This 
equation  had  the  advantage  of  predicting  losses  for  small  grazing  angles.  Propagation  studies 
had  indicated  that  such  losses  existed.  Typical  curves  are  shown  in  Fig.  4  for  | Cl  <  1  and 
Id  >  i.  When  |c|-»®,  we  have  perfect  reflection  with  no  phase  reversal  for  all  angles  as  from 
an  infinite  impedance  surface.  When  k|— >  o,  the  reflection  is  perfect  but  with  a  reversal  of 
phase  for  all  angles.  The  minimum  occurs  at  P*  sin-1  when  |t|  >  l.  The  value  of  r  at 

the  minimum  is 


4= 2  *  r,2 


and  this  is  zero  when  r.  =  o. 

Although  the  attenuation  makes  considerable  difference  in  bottom  loss  curves  computed 
from  Eq.  (5),  the  same  values  used  in  Eq.  (7)  yield  curves  only  a  little  different  from  one 
another.  The  curves  computed  from  Eq.  (7)  for  the  same  values  used  to  compute  Figs.  2  and  3 
give  bottom  losses  that  drop  rapidly  with  grazing  angle  to  a  value  near  zero  and  then  rise 
slowly  to  about  the  same  value  at  90°.  If  the  bottom  does  not  behave  purely  as  a  locally-reacting 
surface  but  supports  some  shear  waves  there  will  be  a  dependence  of  Z  on  the  incident  angle. 

The  bottom  reflection  loss  vs  grazing  angle  has  been  reported  by  several  observers 
(15-24).  The  results  generally  conform  to  the  Rayleigh  type  curve  but  sometimes  only  slightly 
resemble  it  (18,  19).  The  losses  for  small  grazing  angles  in  deep  water  is  discussed  in  a 
preceding  paper  (F.  E.  Hale).  Perhaps,  in  some  cases,  the  phenomena  are  more  complicated. 

It  was  shown  (25),  for  example,  that  for  small  grazing  angles  the  loss  due  to  coupling  of  the 
shear  waves  in  the  sea  bed  is  Kfp  -  1)  £  db/reflection  where  K  is  dependent  on  the  nature  of  the 
sea  bed.  Perhaps  in  some  experiments  the  sound  comes  by  multiple  paths  in  the  water.  It  was 
shown  (26)  that  the  normal  loss  cannot  be  obtained  by  taking  the  difference  between  the  first 
and  second  echo  with  only  spreading  and  attenuation  corrections.  This  difference  is  dependent 
on  the  ping  length  and  a  correction  for  reverberation  must  be  made  to  obtain  the  specular  com¬ 
ponents.  One  thing  seems  certain;  whatever  the  mechanisms  for  a  realistic  bottom  loss,  the 
loss  will  be  roughly  proportional  to  the  grazing  angle  for  the  small  grazing  angles  effective  In 
long-range,  shallow-water  transmission. 

Other  measurements,  while  not  covering  a  range  of  angles,  are  important.  Bottom- 
reflected  sound  observed  in  deep  water  (27)  behaves  approximately  as  predicted  by  Eq.  (7)  with 


Figure  4  -  Ratio  of  reflected  to  incident  energies 
vs  grazing  angle  for  a  simple  impedance  surface. 

'  -  Z/r.c 
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a  value  of  '  =  0.5.  However,  this  is  not  a  sensitive  test.  Curves  computed  with  Eq.  (1)  do  just 
as  well  (16).  Short-range  interference  between  four  bottom- reflected  rays,  assuming  loss 
independent  of  angle  (28),  could  be  fitted  to  transmission  curves  to  obtain  an  "average"  loss 
for  small  angles.  The  reflection  loss  for  24-ko  sound  near  a  grazing  angle  of  9°  was  measured 
for  a  variety  of  bottoms  (29).  These  alues  could  be  used  with  the  assumption  that  the  loss  is 
proportional  to  the  grazing  angle  t  describe  the  behavior  at  24  kc.  Some  recent  fits  of  curves 
predicted  in  Ref.  2  to  World  War  II  200-cps  UCDWR  data  (30)  gave  f  ranging  from  0.60  to  4.18. 
The  curves  based  on  N  1.5  were  fitted  by  eye  to  the  200-cps  data  over  a  range  greater  than 
that  for  which  the  theory  is  valid  (2).  The  fits  are  only  fair  in  the  predicted  valid  region.  The 
same  procedure  was  used  for  7.5  kc  data  and  values  of  -  from  4.5  to  35  were  obtained;  but,  for 
this  frequency  the  valid  range  was  from  560  yards  to  92  kiloyards  and  even  a  correction  for 
sea  water  attenuation  of  0.5  db  kyd  could  not  make  the  data  fit  over  this  range.  It  is  to  be  noted 
that  the  value  of  1  is  very  sensitive  to  the  fit  obtained  and  for  these  reasons  the  reported  values 
of  -  are  not  considered  to  be  significant  for  7.5  kc. 

There  is  evidence  (31,  32)  that  the  specific  acoustic  impedance  and  bottom-reflection 
loss  varies  with  the  season,  probably  because  of  biological  activity.  Strong  dispersion  in  the 
velocity  with  frequency  was  also  indicated,  with  a  minimum  normal-incidence  loss  near  200cps 
for  winter  and  near  500  cps  for  the  summer.  (For  further  discussion  see  Ref.  7.)  The  phase 
shift  at  reflection  indicated  that  p  <  1  below  the  critical  frequency  and  p  i  above  it. 

Further  study  on  the  nature  of  bottom  reflection  is  necessary.  Perhaps  even  more  com¬ 
plete  formulae  can  be  developed.  Accurate  acoustic  measurements  at  small  grazing  angles 
are  needed.  Other  measurements  of  physical  properties  are  made  in  soil-mechanics.  It  is 
hoped  that  the  acoustic  properties  can  be  correlated  with  other  physical  properties  so  that 
predictions  of  acoustic  behavior  may  be  made  with  some  confidence  from  more  easily  measured 
physical  properties. 

A  stumbling  block  in  comparing  the  results  of  several  investigators  has  been  the  very 
loose  descriptive  terminology  of  the  bottom  material.  Several  classification  schemes  have 
been  used  over  the  years.  The  one  used  by  a  number  of  investigators  was  that  recommended 
by  the  Hydrographic  Office  (33).  Mud  is  defined  as  90%  smaller  than  0.062mm;  Sand-and-mud, 
as  between  10%  and  90%  smaller  than  0.062mm;  and  sand  as  less  than  10%  smaller  than  0.062mm, 
and  90%  smaller  than  2.0mm.  There  are  two  disadvantages  to  this  system.  The  first  is  that  the 
word  mud  is  used  very  loosely  by  many  people  and  the  second  is  that  recent  measurements  (12, 
13)  indicate  that  a  more  accurate  classification  is  necessary  for  tne  finer  sediments.  It  is  sug¬ 
gested  that  the  nomenclature  be  that  of  the  Wentworth  scale  and  the  sand-silt-clay  ratio  be  the 
system  recommended  by  Shepard  (34).  Here  clay  is  smaller  than  0.0039mm;  silt,  between 
O.0039mm  and  0.062mm;  and  sand,  between  0.062mm  and  2mm.  This  system  is  shown  in  Fig.  5. 

Ii  is  essential  to  make  a  complete  analysis  including  the  separation  of  the  clay  fraction  from 
the  silt,  as  has  been  done  by  some  observers  (35).  When  the  practical  analysis  is  known,  the 
bottom  can  be  described  in  the  suggested  system  and  acoustic  measurements  can  be  compared 
with  some  confidence.  It  is  suggested  that  use  of  the  misleading  word  MUD,  which  has  been 
used  by  some  to  describe  everything  from  a  slightly  silty  sand  to  clay,  be  discontinued.  The 
acoustic  properties  of  these  materials  are  very  different  (12,  13).  The  adoption  of  the  proposed 
nomenclature  and  some  statement  of  the  bottom  condition,  viz:  firm,  gassy,  etc.,  or  preferably 
the  density  of  an  'undisturbed'  sample,  will  increase  the  reliability  of  the  comparison  of  acous¬ 
tic  results. 


TRANSMISSION  LOSSES 
Intermediate  Frequencies 

The  term  intermediate  frequencies  will  be  used  to  denote  the  range  from  0.2  kc  to  about 
5  kc.  This  region  has  small  attenuation  due  to  the  sea  water.  The  transducers  for  the  lower 
frequencies  are,  in  general,  nondirectional  in  the  absence  of  bounding  surface.  Intermediate 
frequencies  are  probably  of  greatest  interest  to  the  Navy  in  the  long-range,  active  detection  of 
submarines. 
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Figure  5  -  System  for  describing 
sand-silt-clay  sediments  (32). 


The  work  up  to  the  end  of  the  last  war  is  summarized  in  the  familiar  ’’red"  books  (27,36). 
It  was  concluded  that  over  level  bottoms,  with  isothermal  water  or  in  the  presence  of  downward 
refraction,  the  transmission  loss  can  be  adequately  represented  by 

L  =  Lo  -  15  log  R  -  2.5  x  10*4  (fkc  -  2)  R  *  C  (8) 

above  2  kc,  there  being  little  correlation  of  transmission  loss  with  refraction  conditions,  depth 
of  water,  and  surface  roughness.  With  strong  upward  refraction  an  Increase  of  attenuation 
with  Increasing  sea  state  has  been  observed.  Subsequent  work  has  been  done  to  obtain  new 
data  and  to  analyze  further  the  older  data.  The  propagatlon-loss-vs-range  curves  for  the 
different  investigators  are  very  similar,  although  different  conclusions  are  reached  as  to  the 
nature  of  the  propagation.  It  was  shown  (1)  that  the  available  data  did  not  allow  a  significant 
choice  to  be  made  between  the  several  theories,  even  when  the  “free-field*  source  level  was 
known.  Data  obtained  with  explosive  sources  are  even  less  amenable  to  this  distinction  because 
the  source  level,  an  effective  parameter,  Is  more  uncertain. 

The  experimental  data  exhibit  the  same  general  behavior  for  a  given  frequency.  These 
will  be  presented  next  and  afterwards  the  theories  will  be  discussed  as  a  means  of  extrapolat¬ 
ing  the  empirical  results  to  greater  ranges  and/or  different  water  depths. 

During  the  summer  of  1949,  a  Joint  United  States-Canadlan  scientific  expedition  was  made 
Into  the  Bering  and  Chukchi  Seas  for  the  purpose  of  obtaining  oceanographic  and  underwater- 
sound-transmission  data.  Measurements  were  made  with  a  number  of  frequencies  from  0.2  kc 
to  56  kc  over  the  phenomenally  flat  25-fathom  water  of  the  Bering  and  Chukchi  Seas.  Some  of 
the  results  from  the  report  (1)  on  these  measurements  are  shown  In  Figs.  6,  7,  8,  and  9  for  the 
lower  frequencies  and  for  different  locations.  The  sound-velocity  profiles  are  shown  in  the 
inserts.  The  anomaly,  defined  as  the  departure  from  simple  spherical  spreading,  is  plotted 
vs  the  log  of  the  range  In  kiioyards.  Simple  spherical  spreading  yields  a  horizontal  line  and 
cylindrical  spreading  gives  one  sloping  upwards  3  db  per  distance  doubled. 
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Figure  7  -  Anomaly  vs  range  for  0.2-  and  0.6-kc  sound  for  Area  II  of  Bering  Sea.  Inset  shows  velocity  profile 
existing  at  time  of  measurement.  Silty- sand  bottom.  Both  sources  at  15-foot  depth. 
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Figures  6,  7,  and  8  are  for  runs  over  the  sllty-sand  bottom,  Fig,  9  is  for  runs  over  a 
sandy-silt  bottom.  The  least  square  fits  are  shown.  For  these  fits,  the  power  of  spreading, 
apparent  source  level,  and  attenuation  were  simultaneously  solved  for.  The  spreading  appears 
intermediate  between  spherical  (N  -  i)  and  cylindrical  (N  ■  i>.  The  velocity  profile  does  not 
appear  to  have  a  pronounced  effect  on  the  propagation. 

The  depth  of  the  receiver  did  not  appear  to  have  much  influence  at  these  frequencies. 
Consequently,  fits  were  made  combining  data  for  all  the  receiver  depths.  The  data  for  all  of 
the  areas  were  then  combined  to  get  an  average  behavior.  In  Fig.  10a  is  shown  the  attenuation 
calculated  when  cylindrical  spreading  (N  =  r>  was  assumed  and  the  apparent  source  level  and 
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attenuation  were  solved  for.  In  10b  is  shown  the  attenuation  when  spherical  spreading  (N  *  2) 
was  assumed.  If.  Figs.  10c  and  d  are  shown  the  attenuation  and  the  power  of  energy  spreading 
S  when  both  of  these  as  well  as  the  apparent  source  level  were  simultaneously  solved  for.  For 
the  lower  frequencies  the  spreading  appears  almost  spherical  and  the  attenuation  essentially 
constant.  Above  1  kc  the  attenuation  appears  to  varv  about  as  the  first  power  of  the  frequency 
up  to  56  kc  where  the  attenuation  is  the  same  as  deep-water  values.  The  received  level,  l,  is 
calculated  from 


L  -  L0  -  10  N  log  R  -  a  *  KT3  R  (9) 

where  Lo  is  the  free-field  source  level  at  1  yard,  N  is  the  power  of  energy  spreading,  R  is  the 
range  in  yards,  and  .  is  the  attenuation  in  db/kyd. 

The  results  from  a  wartime  survey  (37)  are  shown  in  Fig.  11.  This  is  reasonably  con¬ 
sistent  with  Fig.  10.  Data  (38,  39)  recently  obtained  in  the  east  (Fig.  12)  led  to  the  tentative 
conclusion  (3)  that  the  spreading  was  cylindrical  and  that  the  attenuation  varied  as  f1/2.  How¬ 
ever,  the  smooth  qprves  shown,  obtained  from  Bering  and  Chukchi  Sea  data,  are  for  N  *  1.9,  or 
practically  spherical  spreading.  The  fact  that  a  spherical-spreading  curve  fits  presumably 
cylindrical-spreading  data  emphasizes  the  present  difficulty  of  determining  the  power  of 
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Figure  l  i  -  Long  Island  Are a.  (Survey  1V4-}}  attenuation  c  oefficients 
vs  f y  for  N  *  1,  1.5,  and  2 
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Figure  -  USNUSL  Martha's  Vineyard  (Survey  19S4)  for  a  and  and  mud  with  general¬ 
ized  curve  for  ZOO  rpa  from  Shallow  ftertnv  and  Chur*  hi  Seas.  The  generalized  curve 
has  been  shifted  arbitrarily  downwards  5  db  f^r  rnud  »»r,d  Zd  db  for  sand. 
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spreading  from  available  experimental  data  No  reason  is  apparent  why  the  loss  should  be  less 
over  the  sand  than  over  the  muu  but  the  spreading  appears  to  be  the  same  for  practical  pur¬ 
poses. 

A  body  of  unpublished  UCDWR  data  has  been  analyzed  in  a  similar  manner  to  data  of 
Ref.  1  because  there  were  three  types  of  bottom:  rock,  sand,  and  mud.  Most  of  these  data 
was  taken  in  water  40  to  50  fathoms  deep.  Some  runs  were  made  over  sand  and  rock  where 
the  depth  was  only  15  fathoms.  The  same  general  behavior  was  obtained.  The  mud  appears  to 
have  about  the  same  attenuation  as  the  sand  but  its  transmission  curve  lies  about  4  db  below 
that  for  sand.  The  attenuation  is  greater  for  the  rock  but  the  transmission  curve  agrees  with 
that  for  sand  in  the  range  100  to  300  yards.  The  attenuations  are  greater  in  15- fathom  water. 

It  was  concluded  from  some  low-frequency  UCDWR  data  published  (40)  that,  for  the 
example  given,  the  initial  parts  of  the  bottom-reflection  transmission  curve  represent  coherent 
interference  of  bottom- reflected  sound.  The  spreading  for  200-cps  sound  in  50-fathom  water 
appears  to  be  spherical  except  that  the  anomaly  is  -6  to  -8  db  (greater  level  than  simple 
spherical  spreading).  It  was  also  pointed  out  that  cylindrical  spreading  with  an  attenuation  of 
1  db  kyd  also  fits  moderately  well  out  to  30  kiloyards. 

In  the  previous  paper  by  A.  O.  Williams  on  low-frequency  propagation,  Eqs.  (5)  and  (7) 
gave  the  losses  for  scattering  proportional  to  the  wavelength,  for  conversion  to  shear  propor¬ 
tional  to  the  wavelength  squared,  ar.d  for  longitudinal  bottom  absorption  (for  a  single  mode) 
proportional  to  the  third  power  of  the  wavelength.  A11  of  these  predict  losses  inversely  pro¬ 
portional  to  some  power  of  the  frequency.  The  loss  due  to  sea-water  is  proportional  to  the 
frequency  squared.  The  behavior  of  the  attenuation  vs  frequency  (Fig.  10)  is  not  unreasonable. 
The  previous  paper  by  A.  O.  Williams  also  quoted  some  unpublished  British  work  which 
expressed  the  attenuation  as  the  sum  of  1>  +  m/x  with  a  minimum  about  150  or  200  cps.  These 
results  agree  very  well  with  the  curves  on  Fig.  10,  which  indicates  that  the  attenuation  is 
essentially  constant  from  200  to  1000  cps.  This  supporting  evidence  is  important,  because  if 
the  attenuation  has  essentially  a  constant  minimum  value  from  150  to  1000  cps  nothing  could  be 
gained  on  transmission  loss  by  using  200  cps  instead  of  1000  cps  for  active  echo  ranging. 
(SECRET) 

Some  recent  data  (41)  obtained  with  explosive  charges  as  acoustic  sources  indicated  a 
systematic  decrease  in  transmission  loss  between  50  and  400  cps.  This  decrease  also  tends 
to  verify  a  minimum.  The  bottom  was  very  irregular.  Considerable  variation  with  bearing 
was  observed  and  the  losses  were  greater  than  the  standard  100-cps  Nantucket  reference  curve 
which  is  for  33-fathom  water  south  of  Nantucket.  This  standard  reference  curve  has  approxi¬ 
mately  cylindrical  spreading  with  an  attenuation  of  1  db/mile.  Because  the  Halifax  transmission 
was  uniformly  poorer  for  all  bearings,  some  caution  should  be  used  in  generalizing  transmis¬ 
sion  behavior.  (SECRET) 

Theory 

A  theoretical  discussion  is  given  to  form  the  basis  for  extrapolating  the  empirical  curves. 
This  will  emphasize  the  ray  theory  approach.  The  normal-mode  methods  are  discussed  in  a 
preceding  paper  (A.  Q.  Williams).  One  of  the  earliest  papers  (2)  predicted  that  the  power  of 
spreading  should  be 


L  *  15  lo*  f'jTn)  •  15  ,ot!  R  (10) 

for  the  high-frequency  zone  defined  as  the  zone  for  which  in  DR;  f2nDJ/X)  and  2  ;  fR/D),/1  >. 
where 

i>  *  depth  of  water 
1  -  receiver  depth 
'  ’  real  part  of  //,.<■. 
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When  s  2  (  kd3/1,-)  ,  a  transition  xone  is  entered  where  the  sound  field  Is  very  complicated  and 
no  rapidly  converging  series  is  available.  This  treatment  predicts  that  for  the  lower  frequen¬ 
cies,  the  power  of  spreading  would  change  with  range  from  N  •  1.5  to  N  •  1.0  as  the  range 
Increased.  The  observed  spreading  may  be  closer  to  spherical,  N  ■  2. 

A  recent  theory  (3)  satisfactorily  explains  the  results  obtained  on  the  eaqt  coast  (38,  39). 
When  the  water  is  isothermal  (mild  upward  refraction)  good  agreement  was  obtained  between 
the  data  and  curves  calculated  from  the  AMOS  formulas  (18)  for  surface  channels  In  deep  water. 
This  Indicates  that  for  upward  refraction,  the  energy  that  is  scattered  by  the  bottom  has  no 
significant  effect.  The  range,  the  projector  depth,  and  the  receiver  depth  are  scaled  to  the 
depth  of  the  isothermal  layer  and  the  propagation  Is  described  for  three  zones.  The  first  is  a 
direct  radiation  zone  with  simple  spherical  spreading;  an  absorption  term;  and  a  depth-loss 
term  which  depends  on  frequency,  source  depth,  and  receiver  depth.  In  the  second  zone  sound 
has  been  reflected  at  least  once  from  the  surface  and  propagation  loss  Includes  an  additional 
depth-loss  factor.  The  third  zone  where  energy  has  been  reflected  two  or  more  times  from 
the  surface  follows  a  cylindrical  spreading  law  and  the  attenuation  is  due  to  surface  scattering 
loss,  a,.  This  surface  scattering  loss  for  frequencies  from  113  cps  to  7100  cps  is  the  same 
as  obtained  for  deep  water. 


4.5 


db/kyd 


where  d  Is  the  depth  in  feet. 

For  downward  refraction  the  predominant  field  involved  the  bottom  reflection  alone.  By 
analogy,  the  calculations  were  made  by  measuring  from  the  ocean's  floor  instead  of  its  surface. 
When  the  velocity  gradient  is  not  equal  in  magnitude  to  that  found  in  an  Isothermal  layer,  the 
rays,  source  depth  and  receiver  depths  are  scaled  to  twice  the  distances,  R,,  covered  in  one 
loop  by  the  limiting  ray.  The  loss  in  the  third  zone  where  sound  has  been  reflected  twice  from 
the  bottom,  the  spreading  is  cylindrical  with  a  bottom-reflection  loss,  Uj,  of 

6.2  iT.7 

- dbAyd. 

The  constant  of  6.2  was  obtained  for  mud  bottoms. 

When  a  35-foot  isothermal  layer  overlayed  a  downward  refraction  condition  and  f  >  500 
cps,  the  propagation  loss  was  observed  to  be  greater  for  the  deeper  hydrophone.  At  lower 
frequencies  where  the  wavelength  was  of  the  order  of  the  channel  depth,  the  channel  was  not 
effective  and  the  bottom -reflected  field  was  predominant  for  both  hydrophone  depths.  For  the 
higher  frequencies,  good  fits  were  obtained  by  assuming  leakage  from  the  isothermal  layer. 

For  the  lower  frequencies  good  fits  for  data  over  mud  were  obtained  with  assumed  cylindrical 
spreading  and  an  attenuation  of 


10.7  ^ 

1  ■ - . 

2  R. 

The  constant  10.7  Is  4.5  plus  6.2.  This  simple  theory  predicts  better  transmission  at  113  cps 
than  at  1  kc.  However,  other  mechanisms  (not  considered)  can  increase  the  effective  attenu¬ 
ation  at  the  lower  frequencies.  For  great  ranges,  it  is  the  attenuation  that  is  important  in 
determining  the  loss.  The  difference  between  cylindrical  or  spherical  spreading  Is  only  3  db 
per  distance  doubled  -  that  is  between  40  and  80  miles. 

The  ir.ultimoded  case  becomes  easier  to  handle  by  ray  theory-  The  assumption  that  the 
phases  of  the  arrivals  are  random  for  the  higher  frequencies  and  the  longer  ranges  Is  more 
appealing  than  the  assumption  that  the  conditions  ccuid  be  Idealized  enough  to  be  able  to  specify 
the  naoy  phases. 
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This  approach  (4,  5)  has  the  added  advantage  that  arbitrary  velocity  profiles  and  realistic 
bottom  losses  can  be  considered.  It  i  assumed  that  the  average  transmission  curves  can  be 
calculated  by  adding  the  effects  M  the  usual  string  of  double  images  powerwise  (random  phase) 
and  that  the  values  ace  the  r-anu  foe  any  receiver  depth.  Calculations  made  with  this  concept 
or  with  a  flux  concept  from  a  single  doublet  yield  the  same  results  for  the  isovelocity  case. 

The  flux  concept  enables  calculations  for  any  arbitrary  gradient  to  be  easily  made. 

The  sources  for  the  intermediate  frequencies  are  assumed  to  be  omnidirectional  in  a 
free  field.  Because  of  the  surface  image,  the  effective  vertical  directivity  patterns  are  com¬ 
puted  from 


db  *  f  -  30 


( 


27  fd 
c 


fl) 


unerc  f  is  the  frequency  :r.  epe, 

d  is  the  source  depth  in  feet, 
c  is  the  sound  velocity  in  feet  per  second,  and 
-  is  the  vertical  angle  with  the  surface. 

For  a  source  near  a  rigid  boundary  the  expression  would  be 

I  /  2n  f  d '  \| 

db  =  6  -  20  log10|cos  ^ — g —  sin  | 


(11) 


(11a) 


where  d'  is  the  distance  of  the  source  from  the  boundary.  This  is  a  good  approximation  to  use 
for  the  smaller  grazing  angles  used  in  long-range  propagation  when  the  source  is  near  the 
bottom. 

Some  resulting  patterns  for  a  near-surface  source  are  shown  in  Fig.  13  for  the  parameter 
fd-  If  the  source  is  near  the  bottom  the  nulls  on  Fig.  13  become  maxima  and  the  maxima 
become  nulls.  For  the  near-bottom  source  then  there  is  a  stable  maximum  for  the  smaller 
grazing  angles  and  in  general  doublet  directivity  is  of  much  smaller  importance  than  for  a 
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near-surfac  source.  Surface  waves  or  broadband  due  to  short  pulse  length  or  explosives  may 
alter  these  .  atterns  by  smoothing  out  the  maxima  and  minima  for  the  larger  angles.  One  impor¬ 
tant  characteristic  is  the  stable  null  for  9  ■  0  for  all  values  of  fd.  Since  long-range  transmis¬ 
sion  involves  only  small  angles,  the  directivity  must  be  considered.  It  should  be  noted  that  the 
near-surface  source  vertical  patterns  shown  are  effective  only  once,  when  the  sound  first 
impinges  on  the  bottom.  After  this  the  sound  goes  merrily  on  its  way  with  its  many  bounces. 

The  intensity  for  any  given  order  of  bottom  bounce  is  proportional  to  the  ratio  of  incident 
and  reflected  intensities  raised  to  that  order.  The  ratios  used  were  taken  from  Figs.  2  and  3, 
which  give  realistic  bottom  losses.  (The  approximation  of  R  ■  would  be  good  only  for  the 
greater  angles.)  The  product  of  the  directivity  and  these  ratios  raised  to  large  powers  con¬ 
verges,  although  the  integral  using  Eqs.  (5)  and  (11)  expression  appears  unmanageable.  This 
type  of  calculation  with  a  converging  series  can  be  handled  quite  well  on  IBM  machines. 

Some  computed  transmission  curves  for  near-surface  sources  are  shown  in  the  following 
figures.  These  curves  are  based  on  Figs.  2  and  3  (computed  from  Eq.  (5)),  which  are  estimates 


for  the  bottom  of  the  Bering  and  Chukchi  Seas. 
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Figure  14  -  Computed  anomaly  vs  range  for 
fd  «  3000  for  reflection  loss  curves  of  fig¬ 
ures  Z  and  3  and  directivity  of  figure  13 
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Figure  If -Computed  anomaly  vs  range  for 
fd  *  15 . 000  for  reflection  los  s  c  urves  of  fig¬ 
ures  d  and  3  and  directivity  of  figure  11 


These  estimates  were  made  from  the  recorded 
bottom  types  and  measurements  (12)  on  similar 
types  near  San  Diego.  The  attenuation  due  to 
the  water  was  not  used  because  it  is  small  at 
the  lower  frequencies.  It  can  be  added  in  later 
if  desired.  Figure  14  shows  the  result  for  lso- 
velocity  conditions.  This  fd  corresponds  to  a 
0.2-kc  source  at  15  feet.  The  upper  curves,  for 
a  simple  Rayleigh  relationship,  have  a  cylindri¬ 
cal  spreading.  The  vertical  difference  between 
the  sand  and  silt  curves  Is  due  to  the  different 
critical  angles.  The  middle  curve,  for  sand- 
modified,  resembles  the  actual  experimental 
data.  The  lower  curves  appear  to  have  greater 
than  spherical  spreading.  Figure  15  shows 
similar  isovelocity  calculations  for  fd  *  15,000. 
The  comparison  of  Ftgs.  14  and  15  gives  the 
effect  of  the  doublet  directivities  shown  in  Fig. 
13. 

These  figures  also  point  out  that  besides 
the  dependence  on  the  effective  doublet  direc¬ 
tivity  there  Is  a  profound  effect  caused  by  the 
assumed  bottom -reflection  losses  at  small 
grazing  angles.  If  these  curves  were  to  be 
approximated  by  a  power  of  spreading  it  might 
be  concluded  from  the  lower  curves  of  Fig.  14 
that  n  »  2.  It  seems  futile  to  speak  of  the  power 
of  spreading  as  1,  4/3,  S/2,  5/6,  2  etc.,  to  best 
describe  the  behavior  until  more  Information 
is  available. 

Calculations  made  for  the  slightly  negative 
velocity  profile  shown  in  the  insert  of  Fig.  8  are 
shown  in  Fig.  16.  It  Is  quite  apparent  that  the 
lower  curve  will  not  fit  the  observed  data  but 
that  the  curve  computed  for  sand- modified 
agrees  somewhat.  The  better  fit  of  the  curve 
computed  using  sand-modified  leads  to  the  con¬ 
clusion  that  the  attenuation  varied  as  the  first 
power  of  the  frequency.  (This  could  be  impor¬ 
tant,  if  true,  in  choosing  an  optimum  frequency 
for  the  detection  of  burled  mines.) 
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Figure  16  -  Computed  anomaly  vs  range  for 
fd  *  3000  and  velocity  profile  shown  infig¬ 
ure  8,  directivity  shown  in  figure  13,  and 
sand  (figure  3)  with  attenuation  extrapolated 
as  f1/J  and  as  f. 


Figure  17  -  Computed  anomaly  vs  range  for 
fd  *  9000  for  sand-modified,  figure  3, 
directivity,  figure  13,  and  velocity  profiles 
shown  in  figures  6  and  8 


Calculations  were  also  made  using  sand- modified  for  the  profile  shown  in  Fig.  6,  which 
is  quite  negative.  The  curves  for  both  velocity  profiles  for  fd  -  9000  are  shown  in  Fig,  17, 
The  agreement  with  experimental  data  is  reasonable,  considering  our  lack  of  precise  velocity 
knowledge  of  the  bottoms.  The  dependence  of  computed  transmission  loss  on  the  properties  of 
the  bottom  certainly  indicates  more  work  on  the  acoustic  properties  of  bottoms  Is  necessary. 

A  similar  approach  was  made  by  M.  J.  Daintlth  and  C.  A.  Teer  (4)  using  the  simple 
assumption  that  the  loss  per  reflection  equalled  •  4>  and  neglecting  any  doublet  directivity.  A 
spreading  with  N  *  1.5  was  predicted  for  a  flat  bottom  at  long  ranges.  The  equation  developed 
for  a  flat  bottom,  isovelocity  water,  and  ranges  over  a  1000  yards  where  I'fc/Ca,!)}  »  1  is 

L  “  La  +  2. 2  •  IS  log  R  •  S  tog  djD  -  aR 
where  R  and  D  are  in  yards  and  the  bottom  loss  constant  0j  is 


a 


1 


log  r  _  a 

<t>  3  10 


where  r  is  the  ratio  of  reflected  to  incident  intensity  and  4>  is  the  grazing  angle  in  radians. 
(SECRET) 

Also,  the  theory  was  extended  for  upslope  and  downslope  transmission.  The  formula  for 
transmission  upslope  Is 

I-  *  Lo  *  2.2  -  15  log  R  -  5  log  a,  f  D,,  *  0.5  RR}  -  aR 

where  D,,  is  the  depth  at  the  receiver  and  p  is  the  bottom  slope  in  radians,  (SECRET) 

The  formula  for  transmission  downslope  is  the  same  except  that  p  has  a  negative  value. 
(SECRET) 

The  theory  was  also  extended  to  cover  the  case  of  negative  and  positive  velocity  gradients. 
The  gain  over  free- field  propagation  (negative  anomaly)  for  transmission  in  a  positive  gradient 
is 
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r  i 

3  *  10  log  [l  *  0.826  (a-i(DB— V.SW)  *  75jT*lR>  *"  ® 

where  6  Is  the  angle  at  the  source  for  the  bottom  limited  ray.  (SECRET) 

The  gain  over  free-field  propagation  for  transmission  in  a  negative  gradient  when  the 
amount  by  which  the  ray  is  bent  between  the  surface  and  depth  h  of  the  source  or  receiver  is 
greater  than  ten-1  2h/X  Is 


3  ♦  10  log 


/  r  \il  T  /o.Dr  *  0.5 

°‘826  (a, (Is,  *  0.S  m)  J+  10  log  F  3-04  1  - R - )  _ 


where 


2D. 


Dt  ■  bottom  depth  at  the  source 

r  *  grazing  angle  for  a  ray  leaving  the  source  horizontally 
and  F  is  the  error  integral  defined  by 


F(l)  m\*  J,  dt'  (SECRET) 

Their  computations  are  compared  with  experimental  data  by  assuming  that  theoretical 
and  experimental  levels  agree  at  some  minimum  range,  the  smallest  of  which  was  one-half¬ 
mile  or  1000  yards.  They  found  good  agreement  (as  might  be  expected  (1)  but  concluded  that 
the  gain  over  spherical  spreading  (negative  anomaly)  was  too  small  at  shorter  ranges  and  too 
great  at  the  large  ranges.  This  would  argue  for  a  power  of  spreading  greater  than  1.5. 
(SECRET) 

These  theories  based  on  rays  appear  to  give  good  agreement  with  the  data.  Figures  14, 
15,  and  17,  which  are  based  on  Figs.  2,  3,  and  13,  give  a  fair  agreement  with  the  experimental 
data.  It  is  to  be  noted  that  there  were  no  arbitrary  constants  but  all  are  calculated  from  the 
best  estimates  of  the  physical  properties  of  the  bottom  and  the  doublet  directivity  of  the  source. 

The  dependence  on  velocity  profiles  for  the  computed  curves  may  seem  at  variance  with 
the  conclusion  from  experimental  data  that  no  significant  dependence  was  observed.  However, 
the  dependence  Indicated  in  Fig.  16  is  not  large  over  the  range  of  most  data.  Ray  computations 
for  small  grazing  angles  are  sensitive  to  the  velocity  profile.  However,  the  doublet  directivity 
for  near-surface  sources  minimizes  the  contribution  of  energy  arriving  at  small  grazing  angles 
and  thus  depreciates  the  effect  of  refraction.  This  effect,  of  course,  dependent  on  the  parame¬ 
ter  fd.  There  in  always  the  uncertainty  of  generalizing  the  many  slightly  different  velocity 
profiles,  and  bottom  properties  over  a  long  transmission  path  when  computing  values  to  corn- 
pa  re  with  experimental  data.  Another  uncertainty  that  warrants  further  attention  Is  the  accu¬ 
racy  of  determining  velocity  profiles  for  shallow  water  from  only  temperature,  salinity,  and 
depth  Information.  Shallow  waters  are  often  too  turbid  to  permit  taking  bottom  photographs, 
and  bubbles  are  certainly  whipped  into  the  water  at  higher  sea  states.  Sound-velocity  meters 
have  been  developed  to  operate  at  frequencies  from  30  kc  upwards.  It  is  quite  possible  that  the 
velocity  is  frequency  dependent  and  neither  the  present  velocity  meters  nor  computations  based 
on  salinity,  temperature,  and  depth  give  the  correct  velocity  at  sonic  frequencies.  This  could 
be  important  in  long-range  shallow-water  computations.  The  assumption  was  made  that  the 
sound  pulse  was  long  enough  for  ail  of  the  energy  to  add  up.  This  Is  usually  so  for  most 
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long-range  work.  Of  course  at  short  ranges,  sound  that  is  direct  or  surface  reflected  will 
arrive  before  the  bottom- reflected  rays.  This  direct  sound  will  exhibit  the  usual  Lloyd  Mirror 
Interference  pattern  (42).  The  bottom- reflected  sound  may  exhibit  interference  phenomena  (28) 
or  may  add  powerwise  (21).  In  either  case  the  anomaly  decreases  (sound  level  rises)  out  to  a 
range  of  R  -  10D  and  then  levels  off.  Generally  the  contribution  of  the  direct  and  the  surface- 
reflected  sound  is  quite  small  for  R  >  iod  because  the  range  is  usually  some  distance  beyond 
the  range  of  the  last  surface  interference  maximum. 

Although  the  agreement  is  satisfactory,  more  information  is  desired.  Transmission  runs 
should  be  made  at  the  same  location  with  different  velocity  profiles.  Some  of  these  have  been 
obtained  by  USNUSL  on  Cruise  1-5  but  the  results  of  the  analysis  are  not  available  at  present. 
The  data  shown  in  Figs.  6,  7,  8,  and  9  were  from  runs  made  in  a  short  period  of  time  and  the 
effects  of  velocity  profile  and  the  bottom,  both  of  which  were  different  at  different  locations, 
could  not  be  separated. 

The  calculations  of  anomaly  can  all  be  expressed  in  terms  of  the  ratio  R/D  instead  of  R 
(horizontal  scale  on  anomaly  plots).  Because  of  the  reasonable  agreement  of  theory  and  experi¬ 
ment,  extrapolation  of  the  extensive  experimental  propagation  anomalies  with  the  parameter 
R/D  appears  to  be  a  logical  method  of  estimation  at  the  present  time. 

High  Frequencies 

The  propagation  characteristics  for  high  frequencies  where  the  sources  are  directional 
and  the  attenuation  in  the  sea  water  limits  the  range  have  been  more  amenable  to  analysis. 

The  simple  concept  (43)  that  has  worked  reasonably  well  Is  illustrated  in  Fig.  18.  The 
sound  beam  is  a  relatively  narrow  cone  that  suffers  successive  bottom  reflections.  If  the  range 
between  successive  bottom  reflection  is  kiloyards  then  the  beam  undergoes  Rm‘ 1  reflections/ 
kyd.  The  beam  thus  loses  energy  at  the  rate  of  BRm- 1  dbAyd .  B  Includes  both  specular  and  non- 
specular  parts.  The  scattering  and  absorption  in  the  water  cause  a  minimal  loss  of  dbAyd. 
The  attenuation  coefficient  is  then 


a  »  ao  +  BRm'1  dbAyd.  (12) 

The  spreading  is  simple  spherical  spreading. 

For  a  uniform  temperature  gradient,  g,  the  value  of  l^,'1  is  approximately 

<V‘  *  (lO*^kyd->.  (U) 

A  value  of  io  -  .1  db/kyd  was  used  for  the  22.5  and  24  kc  data. 

The  data  for  22.5  kc  (43)  as  well  as  the  data  for  24  kc  (44)  were  plotted  on  the  same  graph 
in  Fig.  19.  They  group  about  the  curve 

a  «  3  +  4  Rm-1  dbAyd 

reasonably  well.  It  is  to  be  noted  that  the  assumption  is  made  that  the  bottom  loss  is  independ¬ 
ent  of  angle.  The  grazing  angle  certainly  varies  with  Rn.  Perhaps  reworking  the  data  further, 
with  the  assumption  that  the  loss  varies  as  the  first  power  of  the  grazing  angle,  would  group 
the  data  closer  and  also  yield  a  value  for  bottom  loss  that  would  be  of  theoretical  Interest. 

The  values  for  the  sand-mud  bottoms  gave  a  -  3  ♦  16  R^1  dbAyd  as  the  best  fit. 

The  value  for  rock  bottoms  was  «  -  3  *  11  Rm  -1  dbAyd. 


SECRET 


SECRET 


INTERMEDIATE  AND  HIGH  FREQUENCIES 


123 


These  are  empirical  values  for  24  kc  and  are  based  on  assumed  spherical  spreading. 

Figure  20  shows  some  22.5-kc  data  (1)  obtained  in  25-fathom  water  with  the  profiles 
shown  in  Fig.  21.  This  illustrates  the  effect  of  a  very  strong  layering.  The  reception  on  the 
hydrophone  at  a  depth  of  16  feet  was  definitely  better  than  the  reception  at  100  feet.  For  small 
gradients  there  does  not  appear  to  be  a  significant  dependence  on  receiver  depth. 


Figure  20  -  Anomaly  vs  range  for  22.5-kc  sound  in  and  near  a 
brashy  ice  pack  with  source  depth  of  15  feet 
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Figure  2  J  -  Velocity  profile  A  in  brashy  ice  pack 
and  profile  G  just  outside  the  pack 
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The  work  at  56  kc  Is  summarized  (45)  for  sand  bottoms  in  Fig.  22.  The  straight  lines  fit 
the  averaged  data  very  well  and  since  this  is  a  linear  plot  of  the  anomaly  vs  range,  the  straight 
line  indicates  that  the  spreading  is  spherical.  The  attenuation  values  for  two  types  of  thermal 
conditions  are  given  as  well  as  the  grand  average  of  14.7  ±0.6  dbAyd. 

Summary 

Master  fits  were  made  to  the  data  from  the  Bering  and  Chukchi  Seas  with  receiver  depths 
and  areas  combined.  These  are  presented  in  Fig.  23,  where  the  transmission  loss  is  plotted 
on  an  inclined  axis.  The  vertical  ordinate  is  the  usual  anomaly.  No  effort  was  made  to  adjust 
the  curves  vertically.  They  are  as  they  were  calculated  in  reference  to  the  best  obtainable 
"free-field"  source  level  at  1  yard.  Perhaps  the  differences  at  the  lower  frequencies  are  real 
and  have  a  physical  explanation  but,  in  any  event,  the  generalized  curves  represent  the  data 
fairly  well.  In  addition,  they  fit  data  off  San  Diego  reasonably  well  and  also  data  obtained  in 
the  east,  except  for  a  shift  in  apparent  source  levels.  The  1.0-kc  source  was  at  90  feet  and 
the  others  were  at  a  depth  of  15  feet.  The  bottoms,  sandy-silt  and  silty-sand,  were  quite  flat 
at  a  depth  of  25  fathoms.  Observed  losses  may  be  more  or  less  than  those  shown,  as  can  be 
seen  from  Figs.  6,  7,  8,  and  9.  For  the  lower  frequencies  the  attenuation  may  be  neglected 
and  the  anomalies  generalized  for  other  depths  by  using  a  parameter  r/d.  For  example,  for 
50  fathoms  the  value  of  transmission  loss  for  20  klloyards  would  be  read,  from  Fig.  23,  at  10 
kiloyards. 

It  must  be  realized  that  the  bottom  material  and  the  velocity  profile  can  affect  the  results; 
the  transmission  loss  can  be  greater  over  some  bottoms  and  also  be  greater  in  the  presence  of 
greater  downward  refraction  as  indicated  in  Figs.  18  and  17.  A  large  effect  (46)  was  observed 
by  the  British  for  propagation  above  200  cps.  (SECRET) 
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Figure  23  -  Summary  plot  for  several  frequencies  of  sound  transmission  loss 
vs  range  over  the  shallow  Bering  and  Chukchi  Seas 
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The  curve  for  7.5  kc  shows  the  effect  of  sea¬ 
water  attenuation.  If  this  curve  is  to  be  extrapolated 
a  correction  should  be  made  for  this  attenuation.  The 
value  extrapolated  should  be  corrected  by  subtracting 
0.45  times  the  range  in  kyd  on  Fig.  23  and  adding  0.45 
times  the  range  in  kyd  desired.  For  example,  for  20 
kyd  and  50  fathoms,  read  the  value  from  Fig.  23  at  10 
kyd  and  add  0.45  (20-10)  -  4.5  db  to  obtain  the  trans¬ 
mission  loss. 

The  transmission  losses  near  24  kc  can  be  com¬ 
puted  by  assuming  spherical  spreading  plus  the  addi¬ 
tional  loss  shown  in  Fig.  24.  These  are  from  Ref.  44. 
To  use  these  anomalies,  which  are  the  departure  from 
simple  spherical  spreading,  calculate  R^" 1  from  the 
velocity  profile  and  read  thn  anomaly  odt  from  Fig.  22 
at  the  range  desired,  then  the  level  L  is 

L  -  Lo  -  20  log  R  -  as  (14) 

where  L0  is  the  free- field  source  level  at  1  yard. 

The  values  near  56  kc  can  be  computed  by 
assuming  spherical  spreading  and  an  attenuation  of 
15  db/kyd, 


L  -  Lo  -  20  log  R  -  0.015  R.  (15) 


The  departures  (residuals)  from  the  regression 
lines  are  almost  normally  distributed  (1)  and  give  a 
practical  measure  of  the  fluctuation.  The  standard 
errors  for  CW  sound  are  about  3  db  for  the  interme¬ 
diate  frequencies  and  5  db  for  frequencies  above  5  kc. 
Examples  of  low-frequency-data  scatter  are  shown  in 
Figs.  6,  7,  8,  and  9.  The  shaded  part  indicates  plus  and  minus  one  standard  error.  Some 
recent  data  (46)  indicate  that  245-cps-CW-sound  fluctuation  decreases  with  range.  An  example 
of  7.5  kc  with  a  standard  error  of  5  db  is  shown  in  Fig,  25.  This  figure  illustrates  the  scatter 
to  be  expected  from  several  runs  under  seemingly  identical  conditions.  (SECRET) 


Figure  24  -  Average  transmission 
anomaly,  oR,  vs  range  curves  tor 
24-kc  sound  over  sand,  rock,  and 
sand-mud  bottoms 
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